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SUMMARY 
 
Serrated tussock (Nassella trichotoma) and Giant Parramatta Grass (Sporobolus 
fertilis) are among the most noxious weeds in Australia. Both cause problems in 
pasture and there are limited control measures relying heavily on the herbicide 
flupropanate. With the recent confirmation of flupropanate resistance in serrated 
tussock and the report of suspected flupropanate resistance in Giant Parramatta 
Grass (GPG), this option appeared to be under threat. The aims of this thesis were to 
determine the extent of flupropanate resistance in serrated tussock and GPG in 
Australia and to understand the genetics of flupropanate resistance in serrated 
tussock. This thesis also documents the GPG resistance to 2,2-DPA and investigates 
a fungal pathogen, Nigrospora oryzae, as a potential biocontrol agent for GPG. 
 
In Chapter 2, a local paddock survey determined the spread and extent of 
flupropanate resistance in serrated tussock within 5 km of the original resistant site. 
The pot-dose method of assessing resistance identified plants resistant to 
flupropanate up to 3.5 km from the original site found in Victoria. Seeds from these 
plants showed 0-100% resistance, with sensitive plants often having a low (≤5%) 
level of resistant seed. These results indicate the movement of flupropanate 
resistance through seeds or pollen and shows that its spread occurred within one 
year of detection. 
 
In Chapter 3, a national mail survey confirmed the massive impacts of serrated 
tussock across Australia, with annual serrated tussock costs ranging from $15,000 to 
 2 
$16,000 per year per respondent. This survey also identified the widespread 
infestation of this weed in a variety of land use patterns, from pasture to native 
grasslands, and the decrease in the value of farmland as a result. As the outcome of 
the survey, nine properties reported serrated tussock suspected of resistance to 
flupropanate and, unexpectedly, six land managers also reported serrated tussock 
plants suspected of resistance to glyphosate, all of which need to be investigated 
further. 
 
In Chapter 4, heritability studies using controlled breeding experiments indicated a 
strong involvement of a maternal component in the inheritance of flupropanate 
resistance in serrated tussock, with a minor proportion of resistance heritable through 
pollen. It was hypothesised that organelles in the maternal cytoplasm of the female 
parent play a significant role in the transmittance of flupropanate resistance. The 
minor transmission of resistance via pollen observed in all crosses suggests 
transmission also by a component in the pollen grains. 
 
In Chapter 5, GPG plants and seedlings were tested for flupropanate and 2,2-DPA 
resistance. Potted plant and seedling trials showed that resistant GPG plants 
tolerated more than twice the concentration of flupropanate as the sensitive biotypes. 
Seedlings tested for flupropanate resistance were highly resistant (tolerating 33-39 
times more than sensitive biotypes). With 2,2-DPA, resistant GPG plants did not die 
even at 14 times the field rate and resistant seedlings also showed 5-6 times more 
resistance than the sensitive biotype. The study has confirmed that flupropanate and 
2,2-DPA resistance now exists in GPG. 
 
 3 
In Chapter 6, the potential of Nigrospora oryzae, a pathogenic fungus, as a biocontrol 
agent for GPG was determined. Mature plants and seedlings of GPG were inoculated 
with conidia of N. oryzae using three treatments (run-off, crown, and spray). 
Inoculated plants were smaller, with greater proportions of dead leaves (70% with the 
run-off and crown treatments and 53% with the spray treatment) than the control 
plants. GPG seedlings inoculated with N. oryzae were stunted and showed greater 
proportions of necrotic leaves in all the treatments than the control. There is potential 
to develop N. oryzae as a mycoherbicide to control GPG and further testing is 
warranted. 
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Chapter 1  
Introduction 
1.1 Introduction 
Weeds are costing livestock industries more than $3-4.5 billion per year (Sinden et 
al. 2004). Unpalatable grasses have a significant impact on the Australian Livestock 
and Wool Industry and threaten the entire native grasslands of south-east Australia 
(McLaren et al. 1998). 
 
The report of the National Workshop on Weeds of Significance to the Grazing 
Industries of Australia, conducted by the CRC for Australian Weed Management, 
determined the weed priorities for the Australian Meat and Livestock Association 
(MLA) (Grice 2004). The unpalatable grasses serrated tussock, Chilean needle 
grass, the various rats’ tail grasses (weedy sporobolus) and African love grass were 
identified as the most important weed priorities. The Australian Wool Industry (AWI 
2007) found that serrated tussock is one of the worst weeds; it easily competed with 
the native and introduced pastures, and reduced the quality of wool. Weedy 
sporobolus species comprise a group of introduced weedy grasses that includes 
Sporobolus africanus (Parramatta grass), S. pyramidalis, S. natalensis (Giant rat’s 
tail grass) S. fertilis (Giant Parramatta Grass), and S. jacquemontii (American rat’s 
tail grass) (Betts et al. 1990). Sporobolus species strongly compete with native 
grasslands and natural ecosystems and also reduce biodiversity (Natural Resources 
and Mines 2001). The exotic stipoid and the weedy sporobolus grasses were difficult 
to manage in pastures and reduced agricultural production. 
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In addition, the development of resistance (N. trichotoma and S. fertilis) (Noble et al. 
2005; Ramasamy et al. 2007a) to the only selective herbicide (flupropanate) restricts 
the management options and requires extra cost for effective control. This thesis will 
examine the impacts and consequences of resistance of two unpalatable grasses (N. 
trichotoma and S. fertilis) to the Group J herbicides (flupropanate and 2,2-DPA) and 
the fungus Nigrospora oryzae as a potential bio-control agent for S. fertilis.  This 
chapter gives an overview of the literature relating to these grasses but detailed 
reviews are deferred to the relevant chapters. The chapter concludes with a list of 
aims and the rationale for each aim. 
 
1.2 Biology 
1.2.1 Origin and Distribution 
Serrated tussock 
Serrated tussock (Nassella trichotoma (Nees) Hack. ex Arechav) is a declared Weed 
of National Significance and is proclaimed as a noxious weed in the Australian 
Capital Territory, New South Wales, Victoria, South Australia and Tasmania (Thorp 
and Lynch 2000). Originally serrated tussock came from the native South American 
pampas grasslands and so is a drought-tolerant perennial (Campbell and Vere 
1995). 
 
Serrated tussock currently occupies more than 870,000 ha in NSW alone (Mclaren et 
al.1998) and in Victoria infestations have increased to 130,000 ha with a potential 
increase of 4 million ha (McLaren et al.1998). Aberdeen (1995) stated that Victoria 
could save approximately $35 million/year if it restricted the distribution of serrated 
 6 
tussock to 200,000 ha. A conservative figure for the cost of serrated tussock in 
Victoria is $5 million per year (Nicholson et al. 1997) and for New South Wales it is 
approximately $40 million per year (Jones and Vere 1998). Serrated tussock has 
become a major agricultural weed, because of the high costs associated with its 
spread. In 1988, serrated tussock was estimated to be costing the Australian wool 
Industry approximately $12.9 million annually (Cook and King Pty Ltd 1988). 
 
The potential distribution of serrated tussock based on its current infestations in 
Australia has been estimated at 27.2 million ha (Fig. 1.1, CLIMEX model), with 
substantial areas of New South Wales, Victoria and Tasmania at risk of invasion 
(McLaren et al. 1998). It is considered among the significant pasture weeds in south-
eastern Australia (Lamp et al. 1990), because of its invasiveness and potential to 
spread in large areas, with huge economic and environmental impacts. Its high fibre 
and low protein content make it indigestible and livestock will only attempt to eat if 
nothing else is available (Westbrooks and Cross 1993). It has been described as 
causing a greater reduction in pasture carrying capacity than any other weed in 
Australia (Campbell and Vere 1995), with heavily infested paddocks in NSW carrying 
only 0.5 dry sheep equivalent (dse) per hectare compared with 7 to 15 (dse) on 
improved pasture without the weed (Parsons and Cuthbertson 1992). 
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(a) Known distribution 
 
 
(b) Potential distribution 
 
Figure 1.1: Nassella trichotoma (a) known and (b) potential distribution based on 
CLIMEX model (McLaren et al. 1998). 
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Giant Parramatta Grass 
Giant Parramatta Grass (GPG), Sporobolus fertilis (Steud.) Clayton also belongs to 
the Family Poaceae and originates from tropical Asia and Malaysia. GPG is a 
tussocky perennial grass that can sustain drought and grow as tall as 1.6 m (Betts 
and Officer 2001). It is a common infestation in poorly controlled areas such as 
recreational lands, parks and roadsides. GPG has spread widely along the coastal 
areas of NSW and Queensland. It out-competes the other pastoral grasses and 
decreases pasture production. The lower palatability of weedy sporobolus grasses 
has resulted in drastic reduction of carrying capacity (10-80%), decreased stock and 
property values, and resulted in beef cattle taking longer time to reach expected 
weight (Bray 2004). GPG has been declared as a category W2 weed (“must be fully 
and continuously suppressed and destroyed”) under the Noxious Weeds Act 1993 of 
NSW (NSW Noxious weeds list 2006). Similarly, it is declared as a Class 2 
Regionally prohibited weed (“Impact is serious, control it and avoid further spread 
onto properties that are still free of the pest”) (Land Protection 2006) under the 
Queensland’s Land Protection (Pest and Stock Route Management) Act 2002.  Its 
potential distribution is estimated at 23.7 million ha in Australia (McLaren, pers. 
comm.) (Fig. 1.2) and its cost to beef production has been estimated at $60 million 
annually (Natural Resources and Mines 2001). 
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(a) Known distribution 
 
 
(b) Potential distribution 
 
 
Figure 1.2: Sporobolus fertilis (a) known and (b) potential distribution based on 
CLIMEX model (McLaren et al. 1998). 
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1.2.2 Habitat and soil factors 
Serrated tussock is habituated to subhumid, subtropical and warm temperate 
regions, occurring as a weed of pasture and timber lands (Parsons and Cuthbertson 
1992). In New Zealand, serrated tussock is most dominant on dry northwest facing 
slopes, although in Argentina it occurs on damp areas and plains (Connor 1960; 
Taylor 1987). Serrated tussock grows in a wide range of climates. In Argentina and 
New Zealand it mainly occurs in regions where the mean annual rainfall is 600-800 
mm (Campbell and Vere 1995). Serrated tussock can tolerate a mean winter 
minimum temperature of -5oC and it can even survive frost and ice (Healy 1945). In 
Australia, serrated tussock is widely distributed over areas within the distribution of 
21°C isotherm of mean January temperature and rainfall from 500-990 mm 
(Campbell and Vere 1995). Serrated tussock grows on a wide range of soils, 
including soils with various levels of fertility (Healy 1945) encompassing slate, basalt, 
granite, limestone, mudstone and sand soils (Taylor 1987). In New Zealand it grows 
well on fine-textured soils with poor fertility status, subject to available moisture, and 
also in fertile river belts (Dingwall 1969; Taylor 1987). 
 
GPG grows under a wide range of soil conditions, especially coastal soils of northern 
coastal NSW and south-east Queensland with less than 500 mm rainfall per annum 
(Betts and Officer 2001). It can grow even in poorly fertile soils with disturbed 
grasslands and has fast recovery from summer fires (Simon and Jacobs 1999). The 
limited information available on GPG makes this review very brief throughout this 
chapter for GPG biology and control. 
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1.2.3 Ecology 
Serrated tussock is botanically a tussock grass that grows approximately 50cm tall 
with an average basal diameter of 15 cm and many tillers. The root system consists 
of a dense mass of fibrous roots in the upper layer of the soil and a number of deep 
downward-penetrating roots (Healy 1945). Due to the fibrous nature of the roots, it 
can draw on moisture held at lower depths. Serrated tussock is a slow-growing plant 
that can live for up to 20 - 30 years (Lane and Edgar 1972). 
 
The endemic Australian Sporobolus species can be distinguished from the 
introduced species by their shorter height and sparse seed heads (Land Protection 
2006). Some of the native (non-weedy) Sporobolus species include S. sessilis, S. 
laxus, S. elongatus, S. creber, S. disjunctus and S. blakei. It is difficult to distinguish 
between these species because of their close morphological similarity; and hence a 
careful examination of plant taxonomy is necessary before adoption of any 
management techniques (Natural Resources and Mines 2001). 
1.2.4 Flowering and breeding system 
Serrated tussock predominantly flowers from mid-spring to early summer, although 
a possible second flowering can occur in late summer (Taylor 1987). In general, 
serrated tussock flowering begins with the appearance of white panicles emerging 
from the tillers (Campbell 1998). The flowering period depends upon the season and 
prevailing atmospheric conditions (Taylor 1987).  
 
In serrated tussock, the inflorescence is an open branched panicle up to 40 cm long. 
The panicles have a distinct purple appearance during flowering and a golden colour 
when seeds are ripening (Parsons and Cuthbertson1992). Usually the panicle 
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branches in pairs of rachises, slender and drooping, and with chasmogamous and 
cleistogamous florets on the same rachis (Barkworth 1990). Chasmogamous florets 
are outcrossing and wind-pollinated, whereas cleistogamous florets remain closed 
within the bracts and are self-fertilised (Gangulee et al. 1998). Cleistogamous florets 
are the predominant ones in the panicle; chasmogamous florets can arise from any 
part of the panicle, although there is a tendency for them to be in the upper half of a 
panicle (Taylor 1987). Morphologically, chasmogamous florets have three large 
anthers and a feathery stigma, while cleistogamous florets have one large and two 
vestigial anthers (Brown 1952). Harding (1983) stated that tussocks grown under 
shaded condition produced self-fertilized, short fat fruits, whereas inflorescences in 
direct sunlight had florets that were open for cross-fertilization and produced long thin 
fruits. Less than 1% of the florets open in any of the inflorescences, suggesting self-
pollination as the dominant mode of reproduction in serrated tussock (Harding 1983). 
The proportion of cleistogamous to chasmogamous florets is highly correlated with 
environmental factors, such as soil moisture content and humidity, before and after 
the flowering season (Taylor 1987, Brown 1952).   
 
The seeds are very small (1.5–2 mm long) with a long awn that helps them to attach 
to animal fur, including sheep fleece, and reduce wool value (Campbell 1962). An 
individual tussock can produce 80,000 seeds per year and the seed production 
depends upon the environment and age of the tussock (Taylor 1987). 
 
In GPG, The inflorescence is a 25-80 cm long spike-like panicle with several rachises 
(3-8 cm long) and reported to be self pollinated. Spikelets are tiny florets 1.6–2 mm 
long arranged on the rachis. Seedlings can grow fast and take less than 3 months 
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period for maturation (Natural Resources and Mines 2001). Plants flower in mid to 
late summer in temperate regions but may produce flowers throughout the year 
depending on the moisture availability (Land and Natural resources 2001). However 
there is little information known on the biology and breeding system of GPG to date. 
The tiny seeds of GPG are initially white and later turn yellow-brown at maturity. A 
single tussock can produce more than 200 seed heads per year (Betts and Officer 
2001). Weedy sporobolus species, including S. fertilis, are highly competitive and 
produce large numbers of viable seeds (150,000 seeds/m2/year) that can remain 
viable for up to 10 years and persist in the soil for many years (Land Protection 
2006). GPG has a chromosome number of 2n=36 (Simon and Jacobs 1999). 
1.2.5 Dispersal 
Serrated tussock is dispersed by wind, water, animals, human and farm 
implements. When the seeds begin to mature, the culm extends and becomes thin 
and brittle; even a little disturbance causes the panicles to break off. Normally the 
tussock seeds remain on the panicles, where they blow around in the wind (Lane and 
Edgar 1978). According to Healy (1945), seed dispersal is mainly by wind, and 
panicles have been recovered at distances of up to 16 km from source. Spatial 
distribution studies undertaken at NSW, Australia (Laffan 2005) showed that patchy 
infestation distant from the main area of infestation was related to wind flow. Apart 
from the wind and animals as vectors, seeds of serrated tussock also spread from 
one farm to another by transport of fodder contaminated with seed (Campbell 1962).  
 
Giant Parramatta grass, with its reduced palatable value and high seed production  
146,000/m2  rapidly dominates the pasture and reduces forage production (Andrews 
et al. 1996). Livestock acts as the carriers for long-distance dispersal, by carriage on 
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fur as well as by ingestion and excretion during forced grazing (Betts and Officer 
2001; Betts and Ensbey 1998). Cattle can excrete 150,000 seeds/beast/day in 
summer, with seeds having 28% viability (Natural Resources and Mines 2001). Apart 
from the animals as vectors, seeds of GPG are also dispersed through fodder, farm 
implements and unexpected flood (Andrews et al. 1996; Betts and Officer 2001). 
 
1.3 Control 
1.3.1 Physical/Non-Chemical Control 
1.3.1.1 Prevention 
For serrated tussock, prevention is the most effective and cheapest method of 
controlling serrated tussock. Frequent field inspections identify and remove the 
emerging serrated tussock plants as they appear (Campbell 1979). Desirable 
vegetation cover can be raised as a wind barrier to reduce seed dispersal. Rabbit-
proof fencing also helps in catching wind-blown serrated tussock seed heads 
(Campbell and Vere 1995). 
 
For GPG, the establishment of beneficial pastures with rapid growth reduces 
invasion. Livestock purchased from infested properties should be quarantined before 
release for grazing (Land Protection 2006). Farm implements and other machinery 
should be cleaned after working in infested paddocks and drainage channels 
frequently inspected for germinating seeds, to prevent establishment (Betts and 
Officer 2001). 
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1.3.1.2 Grubbing 
Grubbing is one of the most widely adopted systems of control practised for serrated 
tussock. Grubbing is also referred to as chipping (chopping tussocks out by hand). In 
New Zealand, grubbing is an effective control measure for removing isolated serrated 
tussock plants, providing there is complete removal of basal roots (Taylor 1987). 
Isolated tussocks can be chipped out before the plants produce seed; this can be 
practised effectively between April and November (Parsons and Cuthbertson 1992; 
Lamoureaux and Bourdt 2002). 
1.3.1.3 Cultivation 
For serrated tussock, cultivation is one of the traditional methods of control on 
arable lands. Serrated tussock can be effectively controlled by ploughing, followed by 
raising improved or native pasture species (Campbell 1965). The pasture must 
contain legumes to raise soil fertility and be adequately fertilized to out-compete the 
serrated tussock seedlings that germinate. Phalaris and cocksfoot are two of the 
most successful grass species that can compete with serrated tussock. Mould-board 
and disc ploughs are more efficient than chisel ploughs in burying the seed below 2 
cm, which inhibits the seedling emergence (Campbell 1965). Cultivation and cropping 
practices can be used to reduce the existing infestation and the seed bank available 
in the soil (Campbell 1985b). 
 
For GPG, adoption of higher pasture seed rates allows for competition and 
suppresses the growth of germinating seedlings. Some of the successful highly 
vigorous pasture species are Rhodes grass (Chloris gayana), setaria (Setaria 
sphacelata) and Paspalum spp., which provide early competition and faster ground 
cover (Land Protection 2006). 
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1.3.1.4 Grazing management 
Cattle and sheep cannot control serrated tussock by grazing, even when the 
pasture is nutritively enriched with urea and molasses (Campbell 1998). Goats can 
effectively control tussock when it occupies less than 20% of the pasture (Campbell 
et al. 1979). Although grazing is one of the management strategies in practice, due to 
the low fodder value of serrated tussock the weed is not recommended for livestock. 
Serrated tussock can germinate in response to rainfall in any season and reinvade 
improved pasture and so it is important to maintain good pasture cover (>70%) to 
restrict its establishment (Parsons and Cuthbertson 1992). 
 
For GPG, grazing management trials have indicated that grazing would extend the 
spread of weedy sporobolus species (Land Protection 2006); however, currently a 
project is under way in NSW to develop an integrated approach for sporobolus 
management (fertilizer application, herbicide application and livestock rotation) (D. 
Officer, NSW Agriculture, pers. comm.). 
1.3.1.5 Burning 
Burning is one of the important control strategies for serrated tussock control in 
areas of larger infestations, low rainfall and poor fertility status (Campbell 1961). 
Burning will not kill serrated tussock, but burning in winter will stop most plants from 
setting seed and therefore stop the spread of infestations. Burning before ploughing 
reduces the leaf cover and increases the effectiveness of chemicals (Campbell 1961; 
Healy 1945). The major drawbacks of burning include that the non-target species are 
also likely to be killed and that fire restrictions during summer may even result in 
better regeneration and establishment (Campbell 1961). 
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1.3.2 Chemical control 
Herbicides play a vital role in the control of serrated tussock in Australia, especially 
where other methods of control became inapplicable.  
 
For serrated tussock, earlier attempts at control with crude oil and sodium chlorate 
were unsuccessful (Healy 1945). Many herbicides proved ineffective, until TCA 
(trichloroacetic acid) (Milne 1954) and 2,2-DPA (2,2-dichloropropionic acid) (Leonard, 
1956) were attempted for serrated tussock management. The high rate of TCA (126 
kg a.i./ha) and its corrosive nature are major disadvantages. Thus, 2,2-DPA became 
the recommended herbicide in New Zealand and Australia during the early 1960s 
(Campbell 1982). Application of 2,2-DPA (740 g a.i./kg) at 22 kg/ha on unburnt 
serrated tussock in the summer was recommended as very effective (Campbell 
1961). Burning serrated tussock before spraying reduced the amount of required 
spray to 5 kg/ha (Campbell and Annand 1962). 
 
Glyphosate and flupropanate became the two widely accepted chemicals in the late 
1970s. Flupropanate was very slow in action, but very effective in all seasons of the 
year when applied at 1.5 kg a.i./ha (Campbell and Gilmour 1979). Flupropanate 
mixes easily with water, has low toxicity for mammals and fish, and can selectively 
remove serrated tussock from native pastures (Campbell 1979; Campbell and 
Ridings 1988). In addition, flupropanate was cheaper than 2,2-DPA and so became 
the recommended herbicide for serrated tussock control (Campbell and Vere 1995). 
Campbell and Viljoen (2006) found the flupropanate-based products Frenock® and 
its replacement, Taskforce®, were effective in serrated tussock control, even at low 
rates of 0.56 to 1.54 kg a.i./ha. The ability of flupropanate to control serrated tussock 
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seedlings in established pastures was investigated by Campbell and Ridings (1988) 
who found, that even at a lower rate (0.37-0.556 kg a.i./ha), it could selectively 
remove tussock seedlings without affecting useful native pastures and give an 
effective and long-term control for serrated tussock. 
 
Glyphosate, a non- selective herbicide, is also very effective in killing serrated 
tussock. Glyphosate (360 g a.i./L) has performed well in spray-topping at rates of 
0.23 kg a.i./ha, where tussocks were either burnt or unburnt (Miller 1995). The 
application rate varies from 1.0-5.0 kg a.i./ha. Campbell and Nicol (2001) found that 
even a lower rate of 0.45 kg a.i./ha resulted in a 91% kill of serrated tussock. The 
effectiveness of glyphosate depends upon the application rate and the time of 
application (Viljoen 1981). Glyphosate (0.225-0.45 kg a.i./ha) can reduce seed 
production by 91-99% in serrated tussock panicles when applied at 8 weeks before 
panicle emergence. Although it is difficult to determine the time of panicle 
emergence, which it varies between years, herbicide treatment during September-
November should result in reduced seed head production (Campbell et al. 1998). 
Differences in the mortality of serrated tussock after glyphosate application depend 
on the prevailing environmental conditions and timing of herbicide application, which 
plays a significant role in glyphosate efficacy. The non-selectivity is one of the major 
detrimental factors of using glyphosate, by contrast with flupropanate, which can 
selectively remove serrated tussock from native and introduced pastures (Campbell 
and Nicol 2001). 
 
Flupropanate and 2,2-DPA herbicides are effective against weedy GPG, while 
glyphosate is less effective, but widely used, for spot-spraying and replacing existing 
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pasture in order to establish new improved pastures (Betts and Officer 2001). 
Flupropanate was reportedly absorbed through the roots and crown of the plant and 
so rain was needed after spraying to wash the sprayed chemical from the leaves to 
the roots (Betts and Officer 2001). Most of the beneficial grasses, including kikuyu 
(Pennisetum clandestinum), Paspalum spp. and Bahia (Paspalum notatum) were 
tolerant to flupropanate and good control was achieved at 1.5 kg a.i./ha (Taskforce®) 
by boom spraying, with a 4-month withholding period for lactating cattle (Land 
Protection 2006).  The herbicide 2,2-DPA was also effective when applied during the 
actively growing stage (late summer/autumn) of the plant at 10 kg a.i./ha (Betts and 
Officer 2001). 
1.3.2.1 Spot spraying 
In serrated tussock, spot spraying is used as a method of control where infestations 
occur in small patches and other methods become inapplicable. In the late 1960s, 
spot-spraying replaced chipping in New Zealand when the time for chipping 
exceeded 15 man-hours/ha (Dingwall 1969). Spot spraying is less time consuming 
and relatively cheaper than chipping, with minimal soil disturbance (Campbell and 
Vere 1995). One of the main disadvantages encountered in spot-spraying is that 
some of the native grasses (Danthonia spp. and Microlaena stipoides) are often killed 
by flupropanate (Keys and Simpson 1993; Campbell and Vandevan 1996). To 
minimise this, flupropanate application should be carried out to the individual tussock 
alone and not to the surroundings (Campbell 1998). 
 
In GPG, lower rates (0.5–1.5 a.i./ha) of glyphosate by wick wiper can potentially 
reduce seeding infestation and this method is cheaper and more effective than the 
traditional slashing, which spreads the seeds (Natural Resources and Mines 2001). 
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Spot-spraying is also practised with glyphosate (360g a.i./L) using two applications (3 
L/ha) at intervals of a few months to achieve effective control (Land Protection 2006). 
1.3.2.2 Aerial spray techniques 
Serrated tussock can be controlled by aerial application of herbicides, seed and 
fertilizer on non-arable lands (Beggs and Leonard, 1959, Campbell et al. 1978). 
Aerial-sown pastures establish more slowly than ground-sown pastures. Hence land 
needs to be fallowed for the first three spring-summer periods after sowing, to 
improve soil fertility and pasture establishment (Campbell and Vere 1995). Once the 
pasture is well established, serrated tussock can be selectively removed by aerial 
application of flupropanate (Campbell 1979). 
 
1.4 Herbicide resistance 
Herbicide resistance has become a common problem across the world due to the 
intensive use of herbicides with similar modes of action and the continuous selection 
pressure that this imposed on plants (Heap 2005). To date, more than 315 biotypes 
resistant to herbicides have been documented in more than 180 species (Heap 
2007). In Australia, herbicide resistance has been documented in 49 weed species to 
one or more herbicide mode of action (MOA) groups (Heap 2007; Storrie 2007). 
According to Storrie (2007), herbicide resistance is the inherent capacity of the plant 
species to survive and reproduce under the herbicide rate that would control the 
normal biotype of the same species. Herbicides are classified based on the mode of 
action (MOA) and the MOA groups are categorised according to the risk of becoming 
resistant to the weed species (Table 1.1).  
 
 Table 1.1: Herbicide classification based on the primary mode of action (MOA) group (Storrie 2007). 
Herbicide 
group 
Mode of action Risk Resistance Subgroup Active ingredients (a.i.) 
A Inhibitors of fat synthesis  
(acetyl CoA carboxylase 
inhibitors) (ACC-ase) 
High Target site 
Mutation 
Arloxyphenoxyprop-
ionates  
(AOPP) (fops) 
clodinafop-propargyl,  
cyhalofop-butyl, diclofop-methyl, 
fenoxaprop-P-ethyl, fluazifop-P-butyl, 
haloxyfop-R-methyl, propaquizafop, 
quizalofop-P-ethyl 
    Cyclohexanediones 
(CHD) (dims) 
butroxydim, clethodium, sethoxydim,  
tepraloxydim, tralkoxydim 
    Fops + dims diclofop-methyl+fenoxaprop, 
fluazifop+butroxydim, 
haloxyfop+clethodium,  
diclofop-methyl+sethoxydim 
    Phenylpyrazolin (den) pinoxaden 
 
B Inhibitors of the enzyme 
acetolactate synthase 
(ALS inhibitors) 
High Target site 
Mutation 
Sulfonylureas-SUs benosulfuron, chlosulfuron,  
ethametsulfuron-methyl, halosulfuron, 
iodosulfuron-methyl-sodium, 
mesosulfuron-methyl,  
metsulfuron-methyl, rimsulfuron,  
sulfometuron-methyl, sulfosulfuron,  
tribenuron-ethyl, thifensulfuron-methyl, 
triasulfuron, trifloxysulfuron, 
rimsulfuron, sulfometuron-methyl, 
sulfosulfuron, tribenuron-ethyl, 
thifensulfuron-methyl, triasulfuron,  
trifloxysulfuron 
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Table 1.1 (cont.). Herbicide classification based on the primary mode of action (MOA) group (Storrie 2007). 
Herbicide 
group 
Mode of action Risk Resistance Subgroup Active ingredients (a.i.) 
B (cont.) Inhibitors of the enzyme 
acetolactate synthase 
(ALS inhibitors) 
High Target site 
Mutation 
Imidazolinones-Imis imazamox,  
imazapic,  
imazapyr, imazapic+imazapyr, 
imazapic+imazapyr+MCPA(I), 
imazathapyr 
    Sulfonamides flumetsulam, metosulam 
 
C Inhibitors of photosynthesis 
and photosystem II 
Moderate Target site 
Mutation 
Triazines atrazine, cyanazine, prometryn, 
propazine, simazine, terbutryn, 
triazine 
    Triazinones hexazinone, metribuzin 
    Substituted ureas diuron, fluometuron, linuron, 
methabenzthiazuron, siduron, 
tebuthiuron 
    Nitriles bromoxynil, ioxynil 
    Pheny-pyridazines pyridate 
    Pyridazinones chloridazon 
    Acetamides propanil 
    Benzothiadizoles bentazone 
    Uracils bromacil, terbacil 
 
D Inhibitors of tubulin 
formation 
Moderate Target site 
Mutation 
Dinitroanilines oryzalin, oryzalin/trifluralin, 
pendimethalin, trifluralin 
    Benzoic acids chlorthal-dimethyl 
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Table 1.1 (cont.). Herbicide classification based on the primary mode of action (MOA) group (Storrie 2007). 
 
Herbicide 
group 
Mode of action Risk Resistance Subgroup Active ingredients (a.i.) 
E Inhibitors of mitosis Moderate Not known Thiocarbamates tri-allate, dipropylthiocarbamate 
(EPTC), molinate, pebulate, 
thiobencarb 
    Carbamates chlorpropham 
    Organophosphorus bensulide 
 
F Inhibitors of carotenoid 
biosynthesis 
Moderate Not known Nicotinanalides diflufencian 
    Picolinamides picolinafen 
    Isoxazolidinones isoxaflutole, clomazone, benzofenap 
    Pyridazinones norflurazon 
    Triazoles amitrole 
 
G Inhibitors of 
protoporphyrinogen(protox) 
Moderate Not known Diphenyl ethers acifluorfen, oxyfluorfen 
    Oxadiazoles oxadiazon 
    Pyrimidindiones butafenacil 
    Triazolinones carfentrazone-ethyl 
 
I Disrupters of plant cell 
growth 
Low Not known Phenoxies 2,4-D, 2,4-DB, MCPA 
    Benzoic acids dicamba 
    Pyridines clopyralid, fluroxypyr, picloram, 
picloram/triclopyr, triclopyr 
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Table 1.1 (cont.). Herbicide classification based on the primary mode of action (MOA) group (Storrie 2007). 
 
Herbicide 
group 
Mode of action Risk Resistance Subgroup Active ingredients (a.i.) 
J Inhibitors of fat 
synthesis 
Low Not known Alkanoic acids flupropanate, 2,2-DPA 
 
 
K Herbicides with multiple 
sites of action 
Low Not known Amides metolachlor, napropamide 
    Amino propionates Flamprop-m-methyl 
    Nitriles diclobenil 
    Benzfurans ethofumesate 
    Dicarboxylic acids endothal 
    Benzamide propyzamide 
 
L Inhibitors of photosynthesis 
at photosystem I 
Low Reduced 
translocation 
Bipyridils diquat, paraquat, paraquat+diquat 
 
 
M Inhibitors of EPSPS (5-
enolpyruvylshikimate-3-
phosphate synthase  
Low Reduced 
translocation, 
mutation 
Glycines glyphosate 
 
 
 
N Inhibitors of glutamine 
synthetase 
Low Target site 
Mutation 
Phosphinic acids glufosinate 
 Herbicide resistance may be defined as the condition whereby a plant withstands the 
normal field dose of an herbicide, as a result of selection and genetic response to 
repeated exposure of herbicides with a similar mode of action (Warwick 1991). 
According to Lebaron and Gressel (1982), tolerance refers to the natural and normal 
variability (intraspecific variability) to pesticides and other agents which exists within a 
species and can easily and quickly evolve. Tolerance is more commonly used to 
describe the interspecific differences in pesticide efficacy, where some weed species 
are simply not very sensitive to some herbicides (Anderson 1996). Development of 
herbicide resistance is an evolutionary phenomenon that occurs in all plant species, 
where the gene frequencies within a plant population change as a result of selection 
pressure, mutation, mating pattern and migration (Slatkin 1985). The repeated 
application and continuous usage of similar herbicide group chemicals results in 
genetic changes in the weed population, which becomes better adapted to the 
intense pressure of the herbicides. 
 
From the herbicide classification in Table 1.1, it is clear that greater numbers of 
herbicide are present in Groups A and B than in the other groups. This greater 
number of herbicides in a group gives farmers an apparently alternative solution for 
weed control, but in the long term leads to the development of resistance, since 
herbicides in the same Group act in similar fashion. Although a large number of 
herbicides are available in the market for the control of weeds, many herbicides have 
a similar mode of action. It was predicted that Groups A and B would be at greater 
risk for resistance than the others (Preston et al. 1999). However, resistance has also 
developed to glyphosate, a widely used broad-spectrum, post-emergence herbicide 
thought to be at low risk of resistance. Glyphosate-resistant annual ryegrass was first 
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documented in Australia after 15 years of application (Powles et al.1998) and since 
then more than 40 populations of glyphosate-resistant annual ryegrass have been 
identified in Australia alone (Storrie 2007). Part of the reason is that the reduced 
control options and decline in the usage of residual herbicides led to heavy reliance 
on glyphosate for control of various weeds, resulting in the development of 
resistance. According to the International Herbicide Resistance Action Committee 
(HRAC) and the Weed Science Society of America (WSSA) herbicide classification 
system, glyphosate is under Group G (Mallory-Smith and Retzinger 2003), but the 
Australian herbicide classification system classifies glyphosate as Group M (Storrie 
2007). 
 
Herbicide resistance was reported as early as 1957, against 2,4-D from Hawaii 
(Hilton 1957). The first case of confirmed resistance in weeds was reported in 
common groundsel (Senecio vulgaris) that was resistant to atrazine and simazine in 
1968, after the herbicides had been applied once or twice annually for 10 years 
(Ryan 1970). Less than 40 years later, there are more than 315 (183 species, 110 
dicotyledons and 73 monocotyledons) resistant biotypes recorded around the world 
(Heap 2007) (Table 1.2), with 49 reported from Australia alone. Most of these have 
evolved in developed countries, where herbicides are used as the main weed control 
method. Globally, Australia is second only to the USA in terms of the number of weed 
biotypes that have developed resistance to herbicides (Table 1.3). 
 Table 1.2: Examples of weed species resistant to various herbicides. 
Herbicide 
group 
 
Mode of action Herbicide (a.i.) Weed species References 
A Inhibitor of fat synthesis 
(ACCase inhibitor) 
Fluazifop-P-butyl 
aryloxyphenoxy-
propionate (AOPP 
herbicide- fops), 
clethodium and 
sethoxydim 
(cyclohexanedione 
herbicide-dims) 
Johnsongrass (Sorghum 
halepense) 
Burke et al. (2006) 
  Flamprop-m-methyl Wild oats (Avena spp.) Broster (2004) 
  Diclofop-methyl (AOPP) Annual ryegrass (Lolium 
rigidum) 
Heap (1982), Owen et 
al. (2007)  
  Sethoxydim, clethodium 
(CHD) 
Annual ryegrass (Lolium 
rigidum) 
Owen et al. 2007 
  Fenoxaprop Wild oat (Avena sterilis) Uludag et al. (2007) 
 
B Inhibitor of the enzyme 
acetolactate synthase 
(ALS inhibitor) 
Chlorotoluron Slender foxtail (Alopecurus 
myosuroides) 
Menendez et al. (1994) 
  Imazapyr  Tall fleabane (Conyza albida) Osuna and Prado 
(2003) 
  Metsulfuron-methyl, 
thifensulfuron, + 
tribenuron-methyl + 
chlorsulfuron 
Spiny annual-sow thistle 
(Sonchus asper) 
Rashid et al. (2003) 
  Chlorsulfuron Wild radish (Raphanus 
raphanistrum) 
Smit and Cairns (2001) 
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Table 1.2 (cont.): Examples of weed species resistant to various herbicides. 
Herbicide 
group 
 
Mode of action Herbicide (a.i.) Weed species References 
B (cont.) Inhibitor of the enzyme 
acetolactate synthase 
(ALS inhibitor) 
Chlorsulfuron Chickweed (Stellaria media) O’Donovan et al. (1994) 
  Bispyribac-sodium and 
bensulfuron-methyl 
Smallflower (Umbrella Sedge) 
(Cyperus difformis) 
 Rice barnyardgrass 
(Echinochloa phyllopogon). 
Osuna et al. (2002) 
  Sulfonylurea  Prickly lettuce (Lactuca 
serriola) 
Mallory-Smith et al. 
(1990) 
  Sulfometuron  Annual ryegrass (Lolium 
rigidum) 
Owen et al. 2007 
  Sulfonylurea Russian thistle (Salsola iberica) Stallings et al. (1994) 
 
                      
 quinclorac 
 
Propanil 
 
Linuron 
False cleavers (Galium 
spurium) 
Barnyard grass (Echinochloa 
crus-galli) 
Common Ragweed (Ambrosia 
artemisiifolia) 
Hall et al. (1998) 
 
Baltazar and Smith 
(1994), Marammbe et 
al. (1997) 
Saint-Louis et al. (2005) 
C Inhibitors of 
photosynthesis and 
photosystem II 
Atrazine  Liver seedgrass (Urochloa 
panicoides) 
Adkins et al. (1997) 
  Simazine and atrazine  Common groundsel (Senecio 
vulgaris) 
Ryan (1970) 
  Triazines Wild radish (Raphanus 
raphanistrum) 
Cheam et al. (2001b) 
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Table 1.2 (cont.): Examples of weed species resistant to various herbicides. 
Herbicide 
group 
 
Mode of action Herbicide (a.i.) Weed species References 
D Inhibitors of tubulin 
formation 
Trifluralin (Dinitroaniline) Annual ryegrass (Lolium 
rigidum) 
McAlister et al. (1995) 
  Trifluralin Green foxtail (Setaria italica) Morrison et al. (1989) 
 
 
Inhibitors of tubulin 
formation 
Dinitroaniline Palmer amaranth (Amaranthus 
palmeri) 
Gossett et al. (1992) 
 
 
F Inhibitors of carotenoid 
biosynthesis 
Diflufenican Wild radish (Raphanus 
raphanistrum) 
Cheam et al. (2001b) 
 
 
G Inhibitors of 
protoporphyrinogen 
(protox) 
Acifluorfen, lactofen, 
fomesafen and 
sulfentrazone  
Common waterhemp 
(Amaranthus rudis) 
Shoup et al. (2003) 
 
 
 
J Inhibitors of lipid 
synthesis 
Flupropanate Giant Parramatta Grass 
(Sporobolus fertilis) 
Ramasamy et al. 
(2007a) 
  Flupropanate Serrated tussock (Nassella 
trichotoma) 
Noble et al. (2005) 
 
 
L Inhibitors of 
photosynthesis at 
photosystem I 
Paraquat Barleygrass (Hordeum 
glaucum) 
Alizadeh et al. (1998) 
  Paraquat and diquat Hare barley (Hordeum 
leporinum) 
Tucker and Powles 
(1991) 
  Paraquat Horseweed (Conyza 
canadensis) 
Smisek et al. (1998) 
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Table 1.2 (cont.): Examples of weed species resistant to various herbicides. 
Herbicide 
group 
 
Mode of action Herbicide (a.i.) Weed species References 
M Inhibitors of EPSPS (5-
enolpyruvylshikimate-3-
phosphate synthase) 
Glyphosate (EPSPS) Annual ryegrass (Lolium 
rigidum) 
Lorraine-Colwill et al. 
(1999) 
   
Goosegrass (Eleusine indica) Lee and Ngim (2000) 
   
Horseweed (C. canadensis) VanGessel (2001), 
Koger et al. (2004) 
   
Hairy fleabane (C. bonariensis) Heap (2007) 
   
Buckhorn Plantain (Plantago 
lanceolata) 
Heap (2007) 
   
Italian ryegrass (Lolium 
multiflorum) 
Perez and Kogan 
(2003) 
   
Palmer Amaranth (Amaranthus 
palmeri) 
Culpeper (2006) 
   
Annual ryegrass (Lolium 
rigidum) 
Pratley et al. (1996) 
Powles et al. (1998) 
Cairns and Ecksteen 
(2001)  
 Table 1.3: Top 10 countries with herbicide-resistant biotypes (Heap 2007). 
Top 10 Countries Number of resistant  
weed biotypes 
USA 120 
Australia 49 
Canada 44 
France 31 
Spain 28 
UK 24 
Israel 23 
Belgium 18 
Germany 19 
Japan 16 
 
Herbicide resistance normally exists in any weed populations at a lower level before 
application of herbicide, but the continuous selection pressure imposed by herbicides 
on plants allows them to increase in frequency (Jasieniuk et al. 1996). A number of 
factors contribute to the development of herbicide resistance in any weed species; 
some of the common factors include frequency of resistant alleles in a population, 
number of applications of herbicide and mode of action, efficacy, soil seed bank and 
other biological factors (Preston 2002; Storrie 2007). In general, gene mutations 
conferring resistance to a specific herbicide class are not induced by application of 
the herbicide, but rather are believed to occur spontaneously (Jasieniuk et al. 1996).  
Apart from the pre-existing resistant population, the movement of genes (seeds or 
pollen) from resistant populations in nearby fields also becomes the source of new 
resistant genes. Genetic factors involved in the development of resistance are 
reviewed in Chapter 5. 
 
The initial frequency of resistant genes in a population may depend upon the 
individual survivors after the application of herbicides. Annual ryegrass (Lolium 
rigidum) is a highly adaptable weed species with high genetic variability and seed 
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production rate, and establishes rapidly within the crop. In annual ryegrass, 
populations have developed resistance after only six applications of ‘fops’ (Group A) 
and after only four applications with sulfonylureas (SU - Group B) (Gill 1995). Heavy 
reliance on these two herbicide groups for ryegrass control has resulted in the 
development of resistance. This rapid evolution of resistance to Group B herbicides 
in annual ryegrass is also the result of the high number of survivors able to reproduce 
after herbicide treatment. Preston and Powles (2002) determined that the initial 
frequency of resistant individuals to a Group B herbicide (sulfometuron-methyl) was 1 
in 45,000 to 1 in 8,000 plants in untreated annual ryegrass and also suggested that 
higher initial frequencies would allow rapid development of resistance with fewer 
applications. In general, the initial frequency of resistance in any population to all 
other herbicides may be 1 in 10,000 to 1 in a billion plants (Storrie 2007). 
1.4.1 Classification of resistance based on site of action 
Herbicides have a specific site of action (SOA); any change or shift in the target sites 
can result in resistance (target-site resistance) due to changes like reduced uptake 
and translocation. Enhanced herbicide detoxification also results in resistance (non-
target-site /metabolism resistance) (Storrie 2007; Preston 2002). These are the two 
most common mechanisms involved in herbicide resistance in weeds. 
1.4.1.1 Target-site resistance 
Herbicides act on target sites by interfering with enzymes or other proteins, which 
subsequently affects the growth and metabolism of the plant system (Preston 2002). 
Target-site resistances are mainly due to single mutations in distinct conserved 
domains within the gene, resulting in a change of binding site (Tan et al. 2007). 
Mutations that result in enzymes with reduced susceptibility to herbicides are 
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commonly observed in weeds for acetyl-coenzyme A carboxylase (ACCase), 
acetolactate synthase (ALS), photosystem II (PS II) and 2-enolpyruvsylshikimate-3-
phosphate synthase (EPSPS) (Table 1.4). 
1.4.1.1.1 ACCase inhibitors 
ACCase (acetyl-coenzyme A carboxylase-inhibitor) herbicides are widely used in the 
control of grassy weeds (Devine and Shimabukuro 1994). These herbicides inhibit 
the ACCase enzyme, which plays a main role in fatty acid biosynthesis (ATP-
dependent carboxylation of acetyl-CoA to malonyl CoA) in grasses (Incledon and Hall 
1997). ACCase herbicides are used in controlling a wide variety of grasses and thus 
the frequent use of these herbicides leads to the development of resistance in many 
weed species (Devine 1997). According to Heap (2007), 35 weed biotypes have 
developed resistance to ACCase herbicides (Table 1.4). Most resistance to AOPP 
and CHD herbicides is due to reduced sensitivity of the target enzyme to the 
herbicides and single or multiple mechanisms may be involved in the resistance 
(Devine 1997). ACCase herbicide-resistant biotypes showed differences in the level 
of resistance and some were cross-resistant to other herbicide classes. 
1.4.1.1.2 ALS inhibitors 
Acetolactate synthase (ALS) is the enzyme responsible for the biosythesis of the 
branched-chain amino acids leucine, valine and isoleucine. The herbicide specifically 
binds and inactivates the ALS and as a result plants fail to synthesise branched-
chain amino acids and mortality occurs (Saari and Maxwell 1997). The first report of 
resistance to an ALS inhibitor was reported in Lactuca serriola (Mallory-Smith et al. 
1990); since then 95 weed biotypes have developed resistance to various ALS 
inhibitor herbicides (Heap 2007). The predominant  
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Table 1.4: Number of Herbicide-resistant weeds, based on Herbicide Resistance 
Action Committee classification system (HRAC) (Heap 2007). 
Herbicide group Mode of action HRAC 
group 
Example of 
herbicide 
No. of 
resistant 
weed    
species 
ACCase inhibitors Inhibition of acetyl 
CoA carboxylase 
(ACCase) 
A Diclofop-
methyl 
35 
Synthetic auxins Synthetic auxins 
(action like indole 
acetic acid) 
A 2,4-D 25 
ALS inhibitors Inhibition of 
acetolactate 
synthase (ALS) 
B Chlorsulfuron 95 
Photosystem II 
inhibitors 
Inhibition of 
photosynthesis at 
photosystem II 
C1 Atrazine 66 
Ureas and amides  C2 Chlorotoluron 21 
Nitriles and others Inhibition of 
photosynthesis at 
photosystem II 
C3 Bromoxynil 1 
Bipyridiliums Photosystem I 
electron diversion 
D Paraquat 23 
PPO inhibitors Inhibition of 
protoporphyrinogen 
oxidase (PPO) 
E Oxyfluorfen 3 
Triazoles, ureas, 
isoxazolidiones 
Inhibition of 
carotenoid 
biosynthesis 
F3 Amitrole 4 
Glycines Inhibition of EPSP 
synthase 5-
enolpyruvylshikimate-
3-phosphate (EPSP)  
G  Glyphosate 13 
Dinitroanilines and 
others 
Microtuble assembly 
inhibition 
K1 Trifluralin 10 
Mitosis inhibitors Inhibition of mitosis K2 Propham 1 
Chloroacetamides 
and others 
Inhibition of cell 
division 
K3 Flurtamone  
Cellulose inhibitors Inhibition of cell wall 
synthesis 
L Dichlobenil 1 
Thiocarbamates 
and others 
Inhibition of lipid 
synthesis 
N Triallate 8 
Arylaminopropionic 
acids 
Unknown Z Flamprop-
methyl 
2 
Pyrazoliums Unknown Z Difenzoquat 1 
Organoarsenicals Unknown Z MSMA 1 
Total number of herbicide resistant biotypes 315 
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mechanism of resistance is the modification of ALS, leading to reduced target-site 
sensitivity (Saari and Maxwell 1997). According to Tranel and Wright (2002), five 
amino acids (Ala122, Pro197, Ala205, Trp574, and Ser653) in the ALS gene on 
substitution can confer resistance to ALS inhibitor herbicides in various weed species 
(Xanthium strumarium, Lactuca serriola, Amaranthus rudis). The occurrence of point 
mutations in the ALS gene at multiple sites results in cross-resistance between 
various ALS inhibitor herbicide classes. Cross-resistance has been documented in 
case of Lolium multiflorum (Italian rye grass), which is resistant to mesosulfuron–
methyl and other ALS-inhibitor herbicides (chlorsulfuron, imazamox, sulfometuron) 
(Kuk and Burgos 2007).  
1.4.1.1.3 Photosystem II (PS II) inhibitors 
Photosystem II inhibitors block the Hill reaction by inhibition of electron transport on 
the reducing side of PS II (Gronwald 1994). Photosystem II (PSII)-inhibitor herbicides 
block the photosynthetic electron transport by binding to the QB plastoquinone 
(secondary electron acceptor) and preventing the formation of the NADPH required 
for CO2 fixation. Ultimately, it leads to the destruction of the reaction centre (PSII) 
and photooxidation of the lipid and chlorophyll molecules. Trizaine resistance is 
caused by mutation in the psbA gene of PS II (Hirschberg et al. 1984). At present, 
more than 66 cases have been documented for resistance to PSII (Table 1.4). In 
most of the cases, mutation in the psbA gene was responsible for the resistance, but 
in certain weed species (Amaranthus hybridus) a mutation of Ser264 to Gly within the 
D1 protein also caused resistance (Hirschberg and Mcintosh 1983). 
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1.4.1.1.4 Protox-inhibiting herbicides 
Protox (protoporphyrinogen oxidase-inhibiting) herbicides are mainly used in 
conventional cropping systems for the control of broadleaf weed species 
(Amaranthus spp., Datura stramonium, Abutilon theophrasti) (Falk et al. 2006). 
Protox herbicides block the biosynthesis of heme and chlorophyll by inhibiting the 
protox enzyme and ultimately prevent the conversion of protophyrinogen IX 
(protogen) to protoporphyrin IX (proto) in the cell plastids. To date only three weed 
biotypes have been identified as resistant to protox herbicides (Heap 2007). It has 
been suggested that various mechanisms like metabolic degradation and change in 
the movement of herbicide from application to action site may be involved in the 
resistance, but the exact mechanism of resistance is unknown. 
1.4.1.1.5 Photosystem I (PS I) inhibitors 
Photosystem I inhibitors are non-selective post-emergence herbicides with rapid 
action widely used in orchards and plantations (Heap 1997).  Paraquat and Diquat 
are two common PS I inhibitor herbicides widely used for weed control and 23 cases 
of resistance (Table 1.4) have been recorded (Heap 2007). According to Preston 
(2002), resistance to paraquat in Hordeum spp. and L. rigidum is mainly due to 
reduced translocation of herbicide from leaves to the shoot meristem. These resistant 
populations are also more sensitive in warm conditions, suggesting greater 
translocation of herbicide with higher temperatures (Wakelin et al. 2004).  
1.4.1.1.6 EPSPS inhibitors  
EPSPS-inhibitor herbicides specifically inhibit the enzyme EPSPS (5-
enolpyruvylshikimate-3-phosphate synthase) during the shikimate biosynthetic 
pathway in the plant system. The shikimate pathway is responsible for the production 
 37 
of most of the aromatic amino acids (leading to compounds such as the auxins, folic 
acid, lignin, plastoquinones and other secondary metabolic products). Inhibition of 
this pathway results in accumulations of shikimate and shikimate-3-phosphate 
(Steinrucken and Amrhein 1980) and leads to plant starvation and death. At present, 
glyphosate is the only EPSPS-inhibiting herbicide available in the market and is the 
most widely used herbicide in cropping and non-cropping system (Baylis 2000). 
Although glyphosate is considered to be a low risk herbicide for resistance (Table 
1.1), its continuous and extensive use has resulted in the evolution of resistance in 
13 weed biotypes (Heap 2007). There are two possible mechanisms of glyphosate 
resistance. The more common mechanism is a single base modification in EPSPS, of 
the proline residue at 106 to serine, which reduces enzyme activity, e.g. goosegrass 
(Eleusine indica) (Tran et al. 1999) and ryegrass (Perez-Jones et al. 2005). Altered 
translocation of herbicide also causes resistance; Lorraine-Colwill et al. (2003) 
observed a resistant population of L. rigidum with a greater accumulation of 
glyphosate in the leaf tips and reduced translocation to roots. 
1.4.2 Cross-resistance 
Cross–resistance is defined as a biotype which has developed resistance after 
selection from one herbicide and which then exhibits resistance to herbicides which 
differ chemically and which have different modes of action (Powles and Holtum 
1990). Hall et al. (1994) defined cross-resistance as a plant biotype able to show 
resistance to one or more herbicides of different herbicide groups, yet both fops and 
dims belong to Group A herbicides, meaning that the term ‘cross-resistance’ can be 
applied within a broad herbicide group. Cross-resistance can be classified further into 
target-site and non-target-site cross resistance. Target-site based cross-resistance is 
commonly observed among herbicide classes with similar modes of action (site of 
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action). The most common examples of this are fops and dims in Group A. For 
example, fops and dims both inhibit ACCase (Table 1.1). Avila et al. (2007) 
demonstrated that an AOPP-resistant biotype of itchgrass (Rottboellia 
cochinchinensis) from Bolivia showed cross-resistance to sethoxydim (CHD), one of 
the other herbicides in the same group A (Osuna et al. 2002). Similarly, Wang and 
Darmency (1998) found that foxtail millet (Setaria italica) resistant to sethoxydim 
(CHD) exhibited cross-resistance to AOPPs. In addition, a population of wild oat 
(Avena spp.) showed cross-resistance to all fops and some of the dims in group A 
(Mansooji et al. 1992). 
 
Herbicides of dims and fops act on similar target-sites and predominantly used for 
the control of grassy weeds. It is likely that the enormous use of a herbicide in Group 
A (fops) can led to the development of resistance in other MOA sub-groups (dims). 
The resistance to ACCase herbicides can be governed by number of different 
mutations within ACCase and the exact mutation conferring the resistance is still 
unknown (Devine 1997; Preston 2002). For example, cross-resistance to ALS 
herbicides in many weed biotypes showed a varied level of resistance which may be 
due to the different mutations in the ALS gene (Guttieri et al. 1995; Wright et al. 
1998). 
 
In addition to the target based cross-resistance, there is another form of cross-
resistance where other types of mechanism are involved in determining the cross-
resistance, excluding the target-sites (Hall et al. 1994). In the case of Echinochloa 
phyllopogon, a population resistant to bispyribac-sodium (ALS inhibitor herbicide), an 
enhanced degradation mechanism mediated by cytochrome P-450 monooxygenases 
 39 
was involved. The other weed biotypes known for non-target-site resistance are 
Lolium rigidum and Alopecurus myosuroides. Cross-resistance makes weed control 
difficult and complex, by reducing the herbicide options available to farmers. 
1.4.3 Multiple resistance 
Multiple resistance refers to individuals or populations with more than one resistance 
mechanism, endowing them with the ability to withstand herbicides from different 
chemical groups (Storrie 2007). Multiple resistance is an emerging issue in the 
southern grain-growing region of Australia, where it limits the control options for weed 
control (Powles and Howat 1990). Annual ryegrass  is one of the common grassy 
weed species in all the cropping and non-cropping regions of Australia. A population 
resistant to glyphosate was also resistant to eight other herbicides with dissimilar 
modes of action in groups A, B, C, D, F, l, M and N (Powles et al. 1998). A number of 
resistance mechanisms were identified, including insensitivity in the target enzyme 
and non-target site-based mechanisms (Neve et al. 2004), alteration in the target 
enzyme (Kuk et al. 2000) and low levels of enhanced herbicide metabolism (Holtum 
et al. 1991). Multiple resistance can occur in a population through accumulation of 
different resistance mechanisms or interbreeding of individuals with different 
resistance mechanisms (Preston and Powles 2002b). The high out-crossing nature 
and genetic variability of annual ryegrass allows it easily to adapt for any kind of 
selection pressure, including pressure exerted by herbicides. 
 
Resistance due to target-site modification has commonly been observed in L. 
rigidum, to both groups A and B. Target-based resistances occur as the result of 
different mutations in the target region (Devine 1997). Multiple resistance has been 
documented in Amaranthus hybridus, with altered sites of action to triazines (C) and 
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ALS-inhibiting (imazamox and thifensulfuron) (B) herbicides (Maertens et al. 2004). 
In A. powellii, mutations in the target sites of triazine and imidazolinone, the psbA 
(substitution of glycine for serine) and ALS genes (substitution of threonine for 
serine) led to the development of multiple-resistance (Diebold et al. 2003). 
 
Non-target-site mechanisms have also been recorded as a cause of resistance in L. 
rigidum, where the plant excludes the entry of herbicide into the plant system, 
resulting in the survival of the biotype. According to Tardiff et al. (1997), a population 
of L. rigidum showed six different mechanisms for resistance, including enhanced 
herbicide metabolism (Burnet et al. 1993a) and enhanced membrane recovery 
(Hausler et al. 1991). Hence, the development of cross- and multiple resistance, due 
to different resistance mechanisms, will limit the herbicide options for the control of 
these weed species in cropping systems. Further, resistant biotypes with multiple 
resistance mechanisms in a population will increase the rate of spread and selection 
for resistance.  
 
1.4.4 Methods of detecting herbicide resistance 
Detection of herbicide resistance is one of the important strategies for timely 
implementation of weed management techniques, to minimize the cost and maximise 
the crop yield. Currently a variety of methods is being used to provide early advice on 
herbicide options and suggestions for growers. The early detection of herbicide-
resistant weeds enables farmers to implement control strategies while the size of the 
population is small and before the problem gets out of control. 
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1.4.4.1 Whole plant pot assays 
The whole plant pot assay is one of the oldest, conventional and most widely used 
methods for the identification of resistance. This method involves growing the plants 
from seeds collected from the suspected field and spraying them with herbicides at a 
single discriminating dose or multiple doses (HRAC 1999). Whole- plant assays are 
usually carried out in glasshouse or in a controlled environment and the assessment 
is based on visual observation (scoring techniques), plant mortality or vigour or 
measurement of fresh or dry weight of foliage in the suspected resistant and 
sensitive biotypes. However, other variables like plant height, leaf area and harvest 
index are also considered as reliable parameters for the assessment of resistance 
(Seefeldt et al. 1995). A range of herbicide doses is used to identify the doses 
required to produce 50% growth reduction (RG50) in the resistant population relative 
to the sensitive untreated population (Heap 1994; HRAC 1999). Using the whole-
plant pot assay, herbicide resistance has been demonstrated in a number of crop 
species (Falk et al.2006; Park and Mallory-Smith 2004).  
 
1.4.4.2 Seedling assay 
Seedling assay is also commonly practised around the world. Seedling bioassays are 
comparatively quick and inexpensive and deal with large numbers of suspected 
resistant populations (Heap 1994). This method involves measuring the length of the 
coleoptile, shoot or root to discriminate between the suspected resistant and 
sensitive biotypes. Seedling assays are carried out by germinating the seeds of 
suspected resistant and sensitive biotypes in Petri plates wetted with herbicidal 
solutions of various concentrations. Seedling assays for resistance have been 
documented in a number of weed species, including resistance to propanil in 
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Echinochloa colona (Kim et al. 2000), CHD and AOPPs resistance in Johnsongrass 
(Sorghum halepense) (Burke et al. 2006), and Trifluralin in green foxtail (Setaria 
viridis) (O’Donovan et al. 1996). 
1.4.4.3 Chlorophyll fluorescence assay 
Chlorophyll fluorescence techniques are useful in the detection of resistance to 
Photosystem-II inhibiting herbicides (e.g. Atrazine). According to LeBaron and 
Gressel (1982), when electron transport on the reducing side of photosystem II is 
inhibited, chlorophyll-absorbed radiant energy is re-emitted as fluorescence. 
Chlorophyll fluorescence is measured in the suspected resistant and susceptible 
populations after treatment with photosystem-II inhibiting herbicides (Ahrens et al. 
1981). Herbicides and species for which this has been used include triazine in 
Amaranthus hybridus (Maertens et al. 2004) and atrazine in Chenopodium album 
(Bettini et al. 1987). 
1.4.4.4 Pollen grain assay 
Pollen grains also provide a good tool for the identification of resistance. A bioassay 
was developed for detecting the ACCase resistance in Johnsongrass (Sorghum 
halepense) by using the pollen grains of known resistant and sensitive biotypes to 
clethodium (Burke et al. 2007). This assay involved the visual evaluation of pollen 
germination in response to different clethodium concentrations, and 
spectrophotometer absorbance of homogenised pollen samples of both the biotypes. 
Pollen growth from the sensitive biotype was strongly inhibited by clethodium with 
GR50 values of 25.8 µM (visual assessment) and 16.4 µM (spectrophotometer 
assessment) respectively. A similar pollen assay was successful for the detection of 
ACCase resistance in Alopecurus myosuroides (Letouze and Gasquez 2000). 
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1.4.4.5 Leaf floating technique 
A simple and quick method of detecting resistance to Group C (PS-II inhibiting) 
herbicides by floating the leaf discs in atrazine was demonstrated in cucumber 
(Cucumis sativus) and pumpkin (Cucurbita pepo) (Truelove et al.1974). This method 
involves floating leaf discs of suspected resistant and sensitive biotypes on a medium 
containing the herbicide and counting the number of floating discs after 1-2 h. The 
leaf discs sank in the presence of atrazine because oxygen production decreased 
and this lowered the leaf disc buoyancy, resulting in the sinking of leaf discs from 
sensitive but not resistant biotypes. Using this method, resistance can be detected in 
a large number of plant samples within a short period of time and it has thus been 
used in weed species like Senecio vulgaris, Amaranthus hybridus and Chenopodium 
album (Souza Machado et al. 1978a; Hensley 1981). 
1.4.4.6 ACCase assay 
The aryloxyphenoxypropionate (APP) and cyclohexanedione (CHD) herbicides act by 
inhibiting the enzyme acetyl-coenzyme A carboxylase (ACCase, EC 6.1.4.2). 
ACCase is an enzyme that catalyses the ATP-dependent carboxylation of acetyl-CoA 
to form malonyl-CoA, which is the foremost step in the biosynthesis of fatty acids in 
all organisms (Harwood 1996; Devine 1997). All the grass species have a 
multifunctional ACCase composed of biotin carboxyl protein (Konishi et al. 1996) 
within the chloroplast. APPs and CHDs herbicides kill the plants by preventing the de 
novo synthesis of fatty acids in chloroplasts (Walker et al. 1989). Sensitivity to a 
herbicide can be measured by extraction and purification of ACCase from the young 
leaves of resistant and sensitive biotypes, followed by measuring the activity of the 
enzyme in a range of herbicide concentrations (Devine 1997). In-vitro ACCase assay 
used to test for sethoxydim resistance of Rottboellia cochinchinensis (itchgrass) 
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showed that the concentration of sethoxydim required to inhibit ACCase activity by 
50% in the resistant biotypes was 11 times that in the sensitive biotype (Avila et al. 
2007). 
1.4.4.7 ALS assay 
ALS herbicides are potent inhibitors of the plastidic enzyme acetolactate synthase 
(EC 2.2.1.6 ALS). Sulfonyl urea and imidazoline herbicides inhibit acetolacatate 
synthase (ALS) or acetohydroxyacid synthase (AHAS), which is the enzyme 
responsible for the biosynthesis of the branched-chain amino acids valine, leucine, 
and isoleucine (Saari et al. 1997; Umbarger 1978). Inhibition of ALS in the plant 
system results in amino acid starvation, which results in death (Tranel and Wright 
2002). ALS isolation assay involves the extraction of crude enzyme from the leaves 
of suspected resistant and sensitive plants, followed by determination of protein 
(enzyme) concentrations and assay of the crude extracts against a range of ALS-
inhibitor herbicides. The specific ALS activity of the untreated control is compared 
with the treated extracts (Cerovic and Plesnicar 1984; Ray 1984; Park and Mallory-
Smith 2004). According to Preston et al. (2006), the branched-chain amino acid 
herbicides were less effective in inhibiting ALS activity in flumetsulam-resistant plants 
of Lactuca serriola than in the sensitive populations. The ALS assay for resistance 
detection has been used in a number of studies of resistance, e.g. Amaranthus 
hybridus (imazomox and thiosulfuron) (Maertens et al. 2004) and mesosulfuron-
methyl resistance in Lolium multiflorum (Kuk and Burgos 2007). 
1.4.4.8 Shikimate assay 
Glyphosate inhibits EPSPS, an enzyme in the aromatic amino acid biosynthetic 
pathway, and results in the accumulation of shikimate (Becerril et al. 1989; Preston et 
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al. 2006). This assay involves the extraction of shikimate from young leaf samples of 
suspected resistant and sensitive plant populations by centrifugation and 
measurement of absorbance (Koger et al. 2005). In Amaranthus palmeri, shikimate 
accumulation was greater in sensitive than in resistant leaves and greater 
accumulation was also observed in glyphosate-treated sensitive than resistant 
soybeans (Preston et al. 2006). 
  
The methods discussed above are some of the major diagnostic tools adapted for 
detecting resistance in a wide range of plants. The screening tests can alert the 
farmers to manage resistance by using a variety of herbicides with different modes of 
action and following an integrated approach to weed management. If resistance 
becomes a huge issue in farm management, then options are more limited and 
greater expense is unavoidable. 
 
1.5 Biological Control 
Biological control is the use of parasitoids, predators or pathogens to suppress a pest 
population. Herbivores can also be used. More widely, inundative control also 
includes the release of insects, widely so for insect pests of citrus e.g. a weed or 
insect, making it less abundant and reducing its impact (Van Driesche and Bellows Jr 
1996). Biological control can be classified into classical and inundative methods. In 
the classical biocontrol method, the natural enemies are introduced from the native 
range of the weed and should be host-specific, whereas the inundative method 
creates a disease epidemic by applying a large quantity of pathogen (bio-herbicide) 
e.g. fungal spores, like chemical herbicides (Brown and Ogle 1997). 
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Surveys of the weed’s native range are important in finding the possible biocontrol 
agents that are available in the native ecosystem and also to get a better 
understanding of the weed ecology and agents. In any biological control program, 
knowledge of both the target agent and the host is necessary to determine the 
effectiveness of the agent on the host. Serrated tussock belongs to the family 
Poaceae, which includes a wide range of native stipoid grasses and major crops. 
Introducing a biological control agent for serrated tussock may introduce a potential 
threat to native Austrostipa spp. (Wapshere 1990), but later studies conducted by 
Briese and Evans (1998) suggested that Austrostipa species are only relatively 
distantly related to serrated tussock. Before introduction of any biocontrol agent, the 
agent should undergo plant testing to determine the host-specificity and to ensure 
that it will not pose any threat to native flora (Shepherd 2003). Biological control 
programs are always time-consuming and expensive processes.  Biological control 
cannot eradicate the target weed species from the environment, but can limit the 
invasion of weed species into new areas in future. Biological control does not provide 
a complete solution to the problem; hence, an integrated approach is needed with 
other control methods, such as grubbing, cultivation and chemical application to 
achieve the desired results.  
 
A classical biological control program has been commenced for Nassella spp. in 
Argentina, which is the country origin of serrated tussock, with more chances of 
finding pathogens and herbivores for introduction into Australia (Briese et al. 2001). A 
preliminary survey suggested that fungal pathogens with biological control potential 
for Nassella species were present (Briese and Evans 1998). A more detailed survey 
in 1999-2001 identified three pathogenic fungi with the greatest potential for serrated 
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tussock (Anderson et al. 2002). The three potential fungi were: (1) a rust fungus 
(Puccina nassellae), which mainly damaged the leaves, (2) a smut (Ustilago sp.), 
which attacked the flowers, resulting in lack of seeds and (3) a soil fungus (Corticium 
sp.) which limited root and crown growth (Anderson et al. 2002). Host specificity 
studies demonstrated that two South American native species (N. tenuissima and N. 
tenuis) were sensitive to smut (Ustilago sp.) from serrated tussock but the smut did 
not affect Australian native grasses (Austrostipa scabra and A. aristiglumis) 
(Anderson et al. 2003). However, technical difficulties in inoculation experiments and 
low levels of disease incidence observed in the field limits the potential of Ustilago 
sp. as a biocontrol agent (Anderson et al. 2006). 
 
A similar survey was carried out in Australia during 1996-1997 to identify some 
pathogenic fungi in Australia that could serve as biocontrol agents for serrated 
tussock (Hussaini et al. 1998). The survey found two fungi on serrated tussock that 
had a potential for biological control. Zinzipegasa argentinensis, which caused black 
lesions on culms and leaves, and Fusarium sp., which was associated with crown rot 
(Hussaini et al. 1998). Later surveys by Hussaini et al (2000) found the fungus 
Dinemasporium sp. associated with leaf spot and concluded that both it and 
Fusarium sp. had potential as biological control agents.  Inoculation experiments 
showed that the fungus Dinemasporium sp. reduced seed germination and infected 
seedlings, resulting in necrosis, but it did not kill mature serrated tussock plants. 
Host-specificity studies carried out by Casonato et al. (2006) found that the fungi 
Arthrinium sp. (associated with seeds), Dinemasporium sp. and Fusarium sp. were 
not specific to serrated tussock and  also affected Australian native Austostripa 
species. 
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Investigations carried out for potential biocontrol agents to weedy Sporobolus spp. in 
South African savannah grasslands (their country of origin) identified two agents: a 
smut (Ustilago sporoboli-indica) and a culm-boring wasp (Tetramesa sp.) that had 
potential for biocontrol.  On testing, however, the agents failed to produce significant 
damage (Palmer 2004). More recently, a fungus (Nigrospora oryzae) was reported as 
infecting GPG plants, causing 10 - 30% dieback in a field near Grafton NSW (Officer 
2006).  This fungus also had a significant impact on glasshouse-grown GPG plants at 
RMIT University (Ramasamy et al. 2007b). N. oryzae was isolated from GPG plants 
from both Grafton and RMIT (Ramasamy et al. 2007b) and this is evaluated as a 
potential biocontrol agent for GPG in this thesis (Chapter 6). 
 
1.6 Objectives of this research 
Serrated tussock and GPG have a significant impact on the grazing industry 
because of their aggressiveness and rapid growth over other native and introduced 
pasture grasses. They are also very difficult to manage once they become 
established and ultimately reduce productivity. This thesis set out to examine the 
reported flupropanate resistance in both weeds by determining its distribution and 
frequency by survey followed by empirical testing. With serrated tussock, the 
heritability and genetics were investigated further. With GPG, observations of 
dieback led to research on a potential biological control fungus. 
 
Flupropanate resistance in serrated tussock was identified in a population near 
Diggers Rest of Victoria (Noble 2002). This prompted a paddock resistance survey to 
investigate the local extent of flupropanate resistance around Diggers Rest, within a 
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5 km radius of the resistance property where flupropanate resistance was 
documented in 2002 (Noble et al. 2005) (Chapter 2). In addition to the paddock 
resistance survey, a national mail survey was also carried out to investigate if 
flupropanate resistance is widespread. The opportunity was taken to collect 
information in the survey on the distribution of serrated tussock, economic cost and 
control methods used by farmers in Australia. The survey also prompted awareness 
of flupropanate resistance in farmers (Chapter 3). 
 
The breeding system of a crop plays a major role in successful perpetuation and 
establishment of the species over a wide range of environment. Understanding the 
genetics of flupropanate resistance in serrated tussock could predict the potential 
spread of resistance and minimise its spread. Resistance could be transmitted by 
pollen or seed and one or more genes might be involved. The heritability of 
flupropanate resistance was investigated through controlled breeding experiments in 
the glasshouse (Chapter 4). 
 
Flupropanate and 2,2-DPA have been widely used for the control of GPG and well as 
serrated tussock. Flupropanate removes GPG effectively and with less damage to 
other introduced and native grasses but its use excludes lactating cattle (Betts and 
Officer 2001). In 2004, a population of Giant Parramatta Grass suspected of 
flupropanate resistance was reported from Grafton NSW (D. Officer pers. comm.). 
Both 2,2-DPA and flupropanate are Group J herbicides, which are thought to be at 
low risk of herbicide resistance (Avcare 2000). As resistance has been documented 
to flupropanate (Ramasamy et al. 2007a), 2,2-DPA resistance might be predicted in 
GPG. Support for this prediction was provided when GPG plants at Grafton, NSW, 
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were suspected of field resistance to 2,2-DPA. The presence of flupropanate and 
2,2-DPA resistance (Chapter 5) in GPG was investigated, as its presence would lead 
farmers to lose both valuable control options. 
 
Biological control can be effective and the least expensive measure in the long term 
for weed management. During field trials at Grafton conducted by David Officer of 
Department of Primary Industries NSW (Officer 2006) GPG plants showed 10-30% 
dieback and infection by an unknown pathogen was suspected. A similar infection 
was observed in GPG plants at the RMIT University (Ramasamy et al. 2007b). The 
GPG plants were grown from seeds collected by David Officer. A fungus isolated 
from dead shoot tips and flag leaves was identified as Nigrospora oryzae (Barnett 
and Hunter 1998) based on morphological and molecular characterization. This led to 
the investigation of the potential of this fungus as a biocontrol agent for GPG 
(Chapter 6). 
 
This thesis therefore has the following four major objectives: 
• to determine if serrated tussock resistance to flupropanate is widespread or 
isolated (Chapters 2 and 3). 
• to determine the heritability of flupropanate resistance in serrated tussock 
(Chapter 4). 
• to investigate flupropanate and 2,2-DPA (Group J herbicides) resistance in 
Giant Parramatta Grass (Chapter 5). 
• to investigate the fungus Nigrospora oryzae as a potential biological control 
agent for Giant Parramatta Grass (Chapter 6). 
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Chapter 2 
Field survey of flupropanate-resistant Nassella trichotoma in 
Victoria 
2.1 Introduction 
Despite years of research, control options are limited for managing serrated tussock 
in Australia (Michalk et al. 1999).  The only registered herbicides for control of 
serrated tussock in pastures are flupropanate, glyphosate, and 2,2-DPA.   
Flupropanate is widely regarded as the most selective and effective herbicide for 
controlling serrated tussock (Campbell and Vere 1995).  Other common pasture 
species such as phalaris, cocksfoot and kangaroo grass have some tolerance to 
flupropanate (Campbell 1979; Campbell et al. 1979; Campbell and Ridings 1988) and 
flupropanate’s residual action in the soil can prevent serrated tussock regrowing for 
three to five years (Campbell and Vere 1995). Flupropanate belongs to the Group J 
herbicides, which act on lipid synthesis and were thought to be at low risk of 
herbicide resistance (Avcare 2000).  
In 2001, a population of serrated tussock was suspected of being resistant to 
flupropanate. This population came from a farm located at 40 km NW of Melbourne, 
where flupropanate had been the sole herbicide used for many years to control 
serrated tussock (Glen Ford, pers. comm.). Serrated tussock plants suspected of 
being resistant to flupropanate were collected at the site, grown up in pots and later 
split into tillers for a pot trial and treated with a range of flupropanate concentrations. 
The resistant serrated tussock survived application rates as high as 6 kg a.i./ha (8 
L/ha), which is four times the recommended rate used for controlling this species 
(Noble et al. 2005). Similarly, seedling dose-response trials carried out on seeds of 
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serrated tussock from these plants showed resistant seeds requiring approximately 
10 times the dose of flupropanate of sensitive seeds for 50% germination (G. 
Pritchard, unpublished report). The mechanism of resistance is not known, nor is its 
heredity. The spread of flupropanate resistance from the original site by seed or 
pollen transport would pose dangers for eradication of the resistant population. This 
report of serrated tussock resistance suggests that it may occur in other infested 
properties and would have the potential to further limit the control options and 
increase the management costs for effective control. Early detection of its spread and 
extent would help to develop management strategies to combat the risk of 
resistance. 
The extent of herbicide resistance in weed species can be assessed by two possible 
methods: mail or postal survey and paddock survey (Owen et al. 2007, Walsh et al. 
2007, Llewellyn and Powles 2001, Johnson and Gibson 2006). The current study 
was undertaken to determine the extent of the spread of resistant serrated tussock 
into the surrounding area from the site of documented flupropanate resistance by the 
paddock survey method. 
2.1.1 Paddock/Field survey 
Paddock survey is a method of survey carried out by the researcher on site to collect 
the information required to assess a specific issue or problem. In agricultural weeds, 
paddock or field survey is one of the common methods in practice for various 
agronomic issues (Creech and Johnson 2006; Rankins et al. 2005). Herbicide 
resistance in weeds is a growing problem across the world (Heap 2007) and 
paddock-based surveys are commonly employed to assess resistance to herbicides 
(Walsh et al. 2007; Llewellyn and Powles 2001), by collecting random samples of 
either seed or plant material and later assessing the samples for herbicide 
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resistance. Early detection and knowledge about the extent of herbicide resistance 
helps in targeting the herbicide research and assists in managing resistant weed 
populations (Llewellyn and Powles 2001). The main advantages of paddock survey 
are the large number of randomly chosen fields that can be assessed, the high 
accuracy of the data and the lack of bias, but it takes time, is labour-consuming and 
hence is expensive. Nevertheless, the paddock survey is a common method of 
survey in a number of herbicide resistance studies to determine the extent of 
resistance (Table 2.1).  
 
In Australia, paddock survey is commonly practised to assess the widespread 
herbicide resistance of annual ryegrass (Lolium rigidum), wild oat (Avena fatuva) and 
Wild radish (Raphanus sativum) across the wheat belt (Table 2.1). In Annual 
ryegrass, surveys for resistance to a range of Group A and Group B herbicides was 
conducted by collecting seed samples (451 samples) from 500 crop fields across 15 
agro-climatic zones in the WA wheat belt and the seedlings grown from seeds were 
tested for resistance (Owen et al. 2007). In wild oat, samples were collected in 
surveys for resistance to ACCase and ALS inhibitors from 144 sites in a radius of 9.6 
km around the point  
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Table 2.1: Herbicide resistance surveys using the paddock survey method. 
Weed species/Details Herbicide References 
Extent of herbicide resistance 
(Lolium rigidum) in NSW 
Diclofop-methyl (ACCase 
inhibitor) 
Prateley et al. 
(1993) 
Annual ryegrass (L. rigidum) Aryloxyphenoxypropionate 
(AOPP), Cyclohexanedione 
(CHD), and Sulfonylurea 
(Su) 
Gill (1995) 
Annual ryegrass (L. rigidum) Aryloxyphenoxypropanate 
(APP), ACCase and ALS 
inhibitors 
Llewellyn and 
Powles (2001) 
Annual ryegrass (L. rigidum) ACCase (diclofop-methyl)    
and ALS inhibitor 
(sulfometuron) 
Owen et al. (2007) 
Rigid ryegrass (L. rigidum) ACCase (diclofop-methyl) 
and ALS (sulfometuron) 
inhibitors 
Llewellyn and 
Powles (2001) 
Annual ryegrass (L. rigidum) and 
Wild oat (Avena spp.) 
Diclofop-methyl (ACCase 
inhibitor) 
Nietschke et al. 
(1996) 
Wild oat (Avena fatua) ACCase inhibitors 
(fenoxaprop-P and 
sethoxydim) 
Bourgeois and 
Morrison (1997) 
Wild oat (A. fatua) ACCase inhibitors 
(fenoxaprop-P and 
sethoxydim) 
Bourgeois et al. 
(1997) 
Wild oat (A. fatua) ACCase and ALS inhibitors, 
Triallate, difenzoquat 
Beckie et al. 
(2002) 
Wildradish(Raphanus 
raphanistrum) 
ALS inhibitor (Chlorsulfiron) Walsh et al. (2001) 
Wild radish (R.  raphanistrum) ALS inhibitor (Chlorsulfuron) 
and 2,4-D amine 
Walsh et al. (2007) 
Common water hemp 
(Amaranthus rudis) 
ALS inhibitor and Protox-
inhibitor  
Falk et al. (2005) 
 
of known herbicide resistance and resistance assayed by growing the seedlings on 
agar media treated with APP and CHD herbicide (Beckie et al. 2002). In Wild radish 
(R. raphanistrum) surveys for ALS inhibitor resistance, the wild radish plant samples 
were collected from 133 field sites across some 8,000 km2 and the plants were tested 
for resistance (Walsh et al. 2001).  
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In 2001, a population of serrated tussock from Diggers Rest, Victoria was suspected 
of being resistant to flupropanate (Noble et al. 2005). Dose-response studies and 
seedling trials confirmed flupropanate resistance (Noble et al. 2005). Therefore this 
study was undertaken to determine the extent of the spread of resistant serrated 
tussock into the surrounding area from the site of documented flupropanate 
resistance. 
 
2.2 Materials and Methods 
A field survey was carried out in Diggers Rest, within a 5 km radius of the spot where 
flupropanate resistance was suspected in 2001 and confirmed in 2002 (Noble et al. 
2005). Serrated tussock plants were dug up randomly from 87 sites in paddocks and 
on roadsides at Diggers Rest between July and November 2003 (Table 2.2, Fig. 2.1). 
Plants were potted up in 10 cm diameter pots with standard potting mix and grown on 
in a glasshouse with natural lighting and heating at DPI Frankston. Mr Graeme 
Pritchard of the Victorian Department of Primary Industries (DPI) is acknowledged for 
the collection of the plants in the initial field sampling and for maintaining serrated 
tussock plants at DPI Frankston and for seedling resistance assessment in the 
seedling trial. After 8 months, groups of tillers were separated from each plant, potted 
into 10 cm pots with standard potting mix and left to establish for 4 months. 
2.2.1 Plant tests 
Three replicate pots with separated tillers of uniform size (girth and height) from each 
original serrated tussock plant were selected for the experiment. Serrated tussock 
plants from five of the sites (Sites 69, 72, 73, 76, and 77) were not tested due to 
insufficient plant material. The remaining plants were sprayed with Taskforce® (745 g 
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a.i./L flupropanate as Taskforce® - Vee Dri (Aust) Pty Ltd), using a mechanical track 
sprayer in a spray cabinet with a standard flat nozzle (SS10002), to deliver a spray 
volume of 150 L/ha at 280 kPa at the recommended field rate (1.49 kg a.i./ha). 
Control plants were sprayed with water only. Known resistant and sensitive serrated 
tussock plants, originally collected from Diggers Rest and St Albans respectively, 
were included in the experiment as controls. Plant tests were carried out in a 
Department of Primary Industries glasshouse at Frankston during March to October 
2007. Plants were grown for 4 months at 21-25°C with a 12 h photoperiod, watered 
on alternate days and randomised fortnightly. Leachates from the treated plants were 
collected and replaced into the pots. Assessment of flupropanate resistance was 
based on a visible injury scale of 0=healthy to 10=dead, as followed in other 
resistance studies (Falk et al. 2005; Preston 2006). 
2.2.2 Seed assay 
Seeds were collected from each plant established in the glasshouse in 2004-5. 
Plants were housed within one glasshouse and free pollination was allowed. Seeds 
were germinated and seedlings grown in glass Petri dishes (90 mm diameter) with 
seed test paper (Whatman 182). Mr Graeme Pritchard is acknowledged for 
developing the method used and for collecting some of the seed assessment data 
reported here. A concentration of 40 ppm (30 mg a.i./L) (equivalent to 8 L/ha, 4 times 
the recommended rate, based on spot spray recommendation) was prepared from 
Taskforce and 5 ml of the solution added to each Petri dish. Twenty-five firm seeds 
from each plant were placed in each Petri dish and incubated at 22°C/15°C with a 12 
h photoperiod provided by Osram ‘Cool White’ fluorescent tubes about 40 cm from 
the plates. Experiments were arranged in a randomized design with four replicates 
per treatment. After 15 days, shoot length was measured as an indicator of 
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flupropanate resistance and seedlings were classified as resistant or sensitive 
(Beckie et al. 2000; Perez and Kogan 2003; Blancaver et al. 2002; Ramasamy et al. 
2007a). 
 
2.3 Results 
2.3.1 Plant tests 
Plants from nine (10%) sites from up to 3.5 km from the original site survived the 
recommended field rate of flupropanate (Table 2.2, Figs 2.1, 2.2). Plants from six 
sites (Sites 7, 12, 25, 30, 39, and 83) showed varied results within the replicates of 
one plant, with one or two of the three replicates dying and the other one or two 
surviving. Sensitive biotypes were killed by the normal field dose of flupropanate. All 
sensitive plants exhibited the expected browning symptoms after 2 months, including 
sensitive control plants from St Albans. None of the resistant control plants from 
Diggers Rest were affected by flupropanate.  
.
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Table 2.2. Locality description of serrated tussock flupropanate resistance paddock survey (2003). Effect of flupropanate (1.49 kg 
a.i./ha) on serrated tussock plants in pots. Score: 0=healthy, 10=dead. R=Resistant, S=Sensitive. nt=not tested. 
Plant 
No. 
Locality collected Distance 
from 
original 
site (km) 
Plant 
score 
(visible 
injury 
scale) 
Plant 
classification 
Resistant seedlings 
(%) (single data point 
or mean ±SE) 
0 Original resistant patch 0 0 R 100 
2 1st paddock S of resistant patch in Ford 
property 
0.8 0 R 100 
3 1st paddock S of resistant patch in Ford 
property 
0.7 0 R 100 
4 1st paddock S of resistant patch in Ford 
property 
0.8 0 R 100 
5 1st paddock E of resistant patch in Ford 
property 
0.4 10 S 1.3 
6 2nd paddock W of resistant patch in Ford 
property 
0.5 10 S 0 
7 2nd paddock W of resistant patch in Ford 
property 
0.6 nt nt 0±0 
8 2nd paddock W of resistant patch in Ford 
property 
0.6 10 S 1.7 
9 2nd paddock W of resistant patch in Ford 
property 
0.6 10 S 2.1±2.1 
10 2nd paddock W of resistant patch in Ford 
property 
0.6 10 S 4.1±1.3 
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Plant 
No. 
Locality collected Distance 
from 
0riginal 
(km) site 
Plant 
score 
(visible 
injury 
scale) 
Plant 
classification 
Resistant seedlings 
(%) (single data point 
or mean ±SE) 
11 2nd paddock W of resistant patch in Ford 
property 
0.8 10 S 20.0±20.0 
12 2nd paddock W of resistant patch in Ford 
property 
   14.3±5.1 
13 2nd paddock W of resistant patch in Ford 
property 
0.8 10 S 4.1±1.6 
14 2nd paddock W of resistant patch in Ford 
property 
0.4 10 S 4.7±3.0 
15 3rd paddock N of resistant patch in Ford 
property 
0.2 10 S 0 
16 3rd paddock N of resistant patch in Ford 
property 
0.2 10 S 5.9 
17 3rd paddock N of resistant patch in Ford 
property 
0.2 0 R 9.4±5.7 
18 4th paddock NW of resistant patch in Ford 
property (cereal paddock) 
0.4 10 S 3.7 
19 5th paddock NW of resistant patch in Ford 
property (olive paddock) 
0.4 10 S 0 
20 6th paddock NW of resistant patch in Ford 
property 
0.3 10 S 5.7±1.9 
21 7th paddock E of resistant patch in Ford 
property 
0.3 10 S 17.1 
22 7th paddock E of resistant patch in Ford 
property 
0.3 10 S 0.7±0.4 
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Plant 
No. 
Locality collected Distance 
from 
0riginal 
(km)site 
Plant 
score 
(visible 
injury 
scale) 
Plant 
classification 
Resistant seedlings 
(%) (single data point 
or mean ±SE) 
23 7th paddock E of resistant patch in Ford 
property 
1.1 10 S 8.1±4.9 
24 7th paddock E of resistant patch in Ford 
property 
0.6 10 S 6.2±2.7 
25 7th paddock E of resistant patch in Ford 
property 
   4.8±1.9  
26 7th paddock E of resistant patch in Ford 
property 
1.1 10 S 9.5±7.4 
27 7th paddock E of resistant patch in Ford 
property 
0.8 0 R 11.6±5.8 
28 8th paddock E of resistant patch in Ford 
property (far SE of cereal) 
1.2 10 S 2.2 
29 9th paddock E of resistant patch in Ford 
property 
1 0 R 4.9±2.1 
30 9th paddock E of resistant patch in Ford 
property 
   1.4 
31 9th paddock E of resistant patch in Ford 
property 
1.1 10 S 6.8±2.0 
32 10th paddock East of Plumpton Rd (adjacent 
to Ford property) 
1.2 10 S nt 
33 10th paddock East of Plumpton Rd (adjacent 
to Ford property) 
1.2 0 R 0 
34 10th paddock East of Plumpton Rd (adjacent 
to Ford property) 
1.4 0 R 5.7±5.7 
 61 
Plant 
No. 
Locality collected Distance 
from 
original 
(km)site  
Plant 
score 
(visible 
injury 
scale) 
Plant 
classification 
Resistant seedlings 
(%) (single data point 
or mean ±SE) 
35 10th paddock East of Plumpton Rd (S of Ford 
property) 
1.6 10 S 22.1±17.5 
36 11th paddock North of Holden Rd (NW just W 
of bend) 
1.2 10 S 3.9±1.8 
37 12th paddock West of Leakes Rd (W side N 
end) 
2.4 10 S 6.3±4.6 
38 12th paddock West of Leakes Rd 2.2 10 S 15.3±14.0 
39 12th paddock West (corner of Leakes Rd and 
Melton Rd) 
   5.2±2.6 
40 Road side 100 M west of Tyguin front gate  4.3 10 S 6.8±3.1 
41 Road side 300 M West of Tyguin front gate 4.2 10 S 12.9±8.0 
42 Road side at gate into paddock 3.2 10 S 8.1±4.4 
43 Tyguin fallow paddock and W of fence line 3.2 10 S 13.0±13.0 
44 Tyguin fallow paddock S of fence line 3.2 10 S 2.9±1.9 
45 Tyguin fallow paddock SE corner 3.3 10 S 16.0±16.0 
46 Tyguin TNG paddock trial site TNG – 023 3.4 10 S 1.5 
47 Tyguin paddock crop 3.4 10 S 0±0 
48 Tyguin paddock cereal 3.2 10 S 2.3 
49 Tyguin lupin paddock – SW side – rocky 
patch 
2.8 10 S 10.2±8.0 
50 Tyguin rye grass paddock with fire break W of 
fence 
3.8 10 S 10.9±7.5 
51 Tyguin rye grass paddock with fire break SW 
corner 
3.1 10 S 0 
 62 
Plant 
No. 
Locality collected Distance 
from 
original 
(km)site  
Plant 
score 
(visible 
injury 
scale) 
Plant 
classification 
Resistant seedlings 
(%) (single data point 
or mean ±SE) 
52 Tyguin rocky area in barley paddock 3.3 10 S 14.7±7.8 
53 Tyguin rye grass paddock S fence 3.6 10 S 3.9±0.6 
54 Tyguin SW corner of pylon paddock 3.8 10 S 26.3±23.7 
55 Tyguin eastern side of ryegrass paddock 
adjacent to pylon paddock 
3.8 10 S 3.0±3.0 
56 Tyguin hall paddock 3.1 10 S 8.8±8.8 
57 Tyguin under HV power lines 5.2 10 S 4.4±3.1 
58 Tyguin eastern paddock 4.4 10 S 0.7±0.7 
59 Tyguin stipa plants 4.3 10 S 3.3±2.5 
60 Tyguin SW corner of TN602 4.0 10 S 6.1±2.4 
61 Tyguin behind house 4.4 10 S 3.2±1.8 
62 Roadside – opposite rye grass pasture 2.8 10 S 1.4±1.4 
63 Opposite rye grass pasture (E of light pole) 2.3 10 S 0 
64 Middle of paddock 1.8 10 S 0±0 
65 Back fence N end 2.1 10 S 2.2 
66 Back fence SE corner 2.0 10 S 0 
67 Fence near 66 2.1 10 S 0 
68 100 m up fence line South paddock 1.3 10 S nt 
69 Over fence line Northern paddock 1.8 10 S nt 
70 300 m up South paddock 1.8 10 S nt 
71 275 m up fence line (15 m past 1st paddock) 
in South paddock 
1.8 10 S 2.8±2.8 
72 215 m up fence line (45 M from SE corner) in 
Northern paddock 
   nt 
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Plant 
No. 
Locality collected Distance 
from 
original 
(km)site   
Plant 
score 
(visible 
injury 
scale) 
Plant 
classification 
Resistant seedlings 
(%) (single data point 
or mean ±SE) 
73 190 m up the fence line in Northern paddock 
(70 m from SE corner) 
   nt 
74 Rocky cereal paddock (15 m fence line) W of 
Plumpton Rd (550 m N of Keilor and Melton 
Rd) 
2.2 10 S 0 
75 Edge of crop 800 m from Keilor and Melton 
Rd (W side of Plumpton Rd) 
2 10 S 4.5 
76 Kororoit Rd S side    1.9 
77 Behind (60 m) Olden house S side of Kororoit 
Rd 
   2.3 
78 SW of Olden house 3.8 10 S 5.3±5.3 
79 Corner of paddock 3.7 10 S 5.4±1.9 
80 100 m from sample 79 3.6 10 S 2.6±2.6 
81 Same paddock 150 E of sample 80 3.4 10 S 18.2±16.6 
82 Same paddock SE corner – opposite house – 
E of Leakes Rd 
2.2 10 S 8.1±6.2 
83 Same paddock along Kororoit Rd - 370 m 
from corner 
   nt 
84 Same paddock W of gate on Kororoit Rd - 
opposite white house 
3.5 0 R 4.1±4.1 
85 Mt Kororoit E side flowering 2.5 10 S 0 
86 Mt Kororoit SE side 2.6 10 S 1.1 
87 Opposite Ford front gate (edge of crop) 1.4 10 S  
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Figure 2.1: Map showing the flupropanate-resistant paddock survey sample sites and plant test results 
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Fig. 2.2. Variation in resistance of plants collected at different distances from the 
original flupropanate-resistant plants 
2.3.2 Seed tests 
Resistant seedlings were produced from seeds collected from plants up to 3.5 km 
from the original site (Table 2.2, Fig. 2.3). Seeds from three resistant plants, within 
0.6 km and in the same paddock as the original site, produced seeds with 100% 
resistance, but only 18% of sensitive plants produced only sensitive seedlings (Figs 
2.4, 2.5). Most (51%) of the remainder produced seeds with ≤5% resistance, but 
three produced over 20% resistant seed (Fig. 2.3, 2.4). Resistant plants also did not 
all produce only resistant seed and there was only a weak relationship between plant 
and seed resistance (Fig. 2.5). Seeds from control plants behaved as expected, with 
100% matching to the parent plants. 
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Fig. 2.3. Variation in resistance of seedlings from seeds of plants collected at 
different distances from the original flupropanate-resistant plants. 
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Fig. 2.4. Histogram showing frequency of resistance in seedlings from seeds of 
plants collected at different distances from the original flupropanate-resistant plants. 
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Fig. 2.5. Relationship between resistance of glasshouse-grown plants and seeds 
collected from them. 
 
1.7 2.4 Discussion 
This flupropanate resistance survey suggests the movement and establishment of 
resistance as far as 3.5 km from the location where resistance was first identified in 
2001 (Noble et al. 2005). This suggests that eradication may already be too late to 
prevent the spread of resistance to other locations. Another nine property managers 
across Australia suspected flupropanate resistance in serrated tussock in a mail 
survey (McLaren et al. 2006) and plants from three of those sites have now been 
confirmed as flupropanate-resistant, surviving 13.5 kg a.i./ha (D.A. McLaren, pers. 
comm.). It is now appropriate to assume that resistance has already spread around 
the properties identified in that survey too and these will need to take appropriate 
remedial action. 
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The cluster of flupropanate resistance plants closer to the original site suggests 
either that flupropanate resistance was developed independently by different plants 
or that resistance is heritable. Most of the flupropanate-resistant plants were within 1 
km away, from the same paddock as that in which flupropanate resistance was first 
documented in 2001, and in which flupropanate had been used exclusively for the 
last 15-20 years (Noble et al. 2005). Three further resistant plants were located within 
the same paddock and six of the nine resistant plants were collected from adjacent 
paddocks of the same property. The field herbicide application history was 
unavailable for the three other sites, but as flupropanate has been the preferred 
chemical control method used in the area, it is likely that all were treated with 
flupropanate several times.  
 
The occurrence of resistant plants close to the original resistance site strongly 
suggests the flow of resistance genes via seed or pollen. Farm machinery and 
livestock were probably responsible for seed movement within the paddock and even 
along the roadsides, but seeds of serrated tussock can travel as far as 16 km in the 
direction of the prevailing wind (Healy 1945). Pollen grains carrying resistance genes 
could also travel many kilometres, e.g. pollen of genetically modified creeping Bent 
grass (Agrostis stolonifera) was recorded up to 55 km away within 3 h (Van de Water 
et al. 2007). Although plants at only a few sites were resistant to flupropanate in this 
survey, the frequency may increase in future with continued reliance on flupropanate. 
The high proportion of sensitive plants with even a low percentage of resistant seeds 
suggests that resistance genes exist in the population collected around the site 
where resistance was first confirmed. Breeding was not controlled in the glasshouse 
housing all the plants and so a mixture of self- and cross-pollination is likely to have 
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occurred (Taylor 1987). Controlled breeding experiments are needed to see if pollen 
can transmit resistance to progeny of sensitive plants (Chapter 4). 
 
Contradictory results from testing plants collected at the same site can be explained 
by a mixture of resistant and sensitive plants at that site. It is more difficult to explain 
the contradictory results from testing groups of tillers from what appeared to be the 
same plant in the field, which suggests the presence of different plants within one 
tussock, though re-testing may resolve the contradiction. If it did recur, such results 
could hypothetically arise if seeds lodge within a tussock and then germinate, when it 
would be impossible to differentiate them morphologically from the rest of the 
tussock. If those seedlings have different resistance from the tussock in which they 
lodge, it would be possible to separate them into groups of tillers for flupropanate 
trials and then to find that different group of tillers from apparently one plant behave 
differently. If sensitive plants were fertilised by resistant pollen grains, it might result 
in the establishment of resistant progeny within the sensitive parental plant, making 
groups of tillers heterogeneous. Although there are no reported studies to test this 
hypothesis, it could be tested, by separating the plants with contradictory results into 
individual tillers of 2-3 leaves, leaving them to grow for 6-12 months and then 
spraying with flupropanate to see if all behaved the same.  
 
The findings of this study reinforce the need to practise integrated weed 
management to control serrated tussock. The implications of serrated tussock 
herbicide resistance are its increased dominance as a weed, increased costs for land 
managers, more herbicide usage and higher environmental pollution as a 
consequence.  The study confirmed that serrated tussock resistance to flupropanate 
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is extended across 3.5 Km and the resistant plants have already moved out of the 
original resistance site found in Victoria. Flupropanate resistance in serrated tussock 
is of major concern to Victorian pasture land growers, but at this point it was not 
known if resistance was widespread across the Australian states.  It was necessary 
and important to assess the flupropanate resistance status across its area of 
infestation, as early detection would help the growers to adopt better management 
practices and prevent the likely spread of resistance. One of the ways to assess 
flupropanate resistance in serrated tussock is by conducting a national mail survey, 
which would provide some information on whether or not flupropanate resistance is 
widespread, and this was undertaken in Chapter 3. 
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Chapter 3 
National survey on Nassella trichotoma spread and resistance to 
flupropanate 
3.1 Introduction 
A population of serrated tussock at Diggers Rest just north-west of Melbourne was 
identified as being resistant to the herbicide flupropanate. A detailed local field survey 
(Chapter 2) around the flupropanate resistant property identified that the resistance 
now occurred beyond the site where resistance was documented in 2001. The 
identification of resistant plants up to 3.5 km away from the original resistance 
property suggests the possibility of either the movement of resistant genes or that the 
resistance developed independently. This paddock survey of resistance suggests 
that it may occur in other infested properties and has the potential to further limit the 
control options and increase the management costs for effective control of serrated 
tussock.  
 
Mail survey is a commonly used method to determine the extent of herbicide 
resistance occuring in weeds. Mail survey involves collecting the information by 
mailing out a questionnaire to a target audience with a covering letter and envelope 
to be completed and returned by mail (Czaja and Blair 1996). The covering letter 
should state the purpose of the survey, address and other details of the surveyor, 
who is to complete it, when to return it and a statement of confidentiality (Czaja and 
Blair 1996).The questionnaire should be very simple, easy to understand by a wide 
range of audiences, and be attractive and clear (Buckingham and Saunders 2004). 
Postal surveys are cheaper than the other forms of survey, since a large number of 
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samples can be covered within a limited time. However, a low response rate is a 
major issue, since many of the respondents fail to return the questionnaire and 
sometimes return the questionnaires incomplete. Some of the common reasons 
include illiteracy, disinterest in providing financial details, hesitancy to provide 
infestation details for a weed that they are legally required to control and could be 
potentially be prosecuted for not controlling and seasonal farming practices.  
Postal questionnaire surveys generally achieve very low response rates (<20% or 
even <10%) (Buckingham and Saunders 2004). The response rate for postal surveys 
carried out in various agricultural weed studies ranged between 7 and 27% (Table 
3.1). To increase the response rate, non-respondents can be reminded by a letter, a 
new cover letter with the survey, telephone or email (Czaja and Blair 1995).  Only a 
limited number of surveys have been undertaken by the postal method on herbicide 
resistance in weeds, but in general postal surveys are widely used in agricultural 
weed studies (McLaren et al. 2002a; Gibson et al. 2005; Webster and Macdonald 
2001). This chapter documents the economic impacts of serrated tussock to 
Australian agriculture and identification of serrated tussock resistance to flupropanate 
across Australia.  
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Table 3.1: Response rates in various postal survey studies. 
Details Response 
rate (%) 
References 
Adoption of Integrated Pest management 
Tactics by Wisconsin Farmers. 
Survey of Polymeria longifolia (Lindley) in the 
Australian cotton industry 
Field and producer survey of ACCase resistant  
wild oat in Manitoba. 
Glyphosate resistance weed management 
strategies 
42 
 
 
63 
 
25 
21 
Hammond et al. (2006) 
 
 
Johnson et al. (2003b) 
 
Bourgeois et al. (1997) 
Johnson and Gibson  
(2006) 
Farmer perceptions of weed problems in corn 
(Zea mays) and soybean (Glycine max) 
rotation systems 
Delaware Soybean Grower Survey on 
Glyphosate-Resistant Horseweed (Conyza 
canadensis) 
Farmer Perceptions of Problematic Corn and 
Soybean Weeds in Indiana. 
20 
 
 
21 
 
 
21 
Gibson et al. (2006) 
 
 
Gibson et al. (2005) 
 
 
Scott and VanGessel 
(2007) 
Production practices which reduce soybean 
(G. max) 
14 Norsworthy (2003) 
Farmer perceptions of crop pest infestations in 
Corn (Z. mays)  fields 
Alligator weed: Tasty Vegetable in Australian 
Backyards?. 
7 
 
50 
Aref and Pike (1998) 
 
Gunasekera and 
Bonila (2001) 
Minnesota horticultural industry survey on 
invasive plants 
Growers acceptance of economic thresholds of 
weed management in Illinois 
 
34 
 
25 
Peters et al. (2006) 
 
Czapar et al. (1997) 
 
 
Aims 
The aim was to conduct a national survey in collaboration with the Department of 
Primary Industries (DPI) Frankston, Victoria to determine if serrated tussock 
resistance to flupropanate is widespread, to raise awareness of resistance and to 
promote integrated management of serrated tussock. The critical questions were: 
(1) How widespread are serrated tussock infestations across Australia? 
(2) How are land managers managing serrated tussock? 
(3) How widespread is serrated tussock resistance to flupropanate? 
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3.2 Materials and Methods 
The national flupropanate resistance mail survey was carried out using the 
questionnaire technique (postal survey) as described in McLaren et al. (2002a). In 
November 2004, a tick-box questionnaire (Appendix 1) similar to that of McLaren et 
al. (2002a) was mailed to land managers in Victoria, NSW, ACT and Tasmania. Each 
survey included a prepaid return envelope to aid land managers returning the survey. 
A total of 5000 surveys were sent out (2125 to Victoria, 2450 to NSW, 150 to ACT 
and 275 to TAS).  In Victoria and Tasmania, surveys were sent directly to 
landholders that had been recorded as having serrated tussock on the land they 
managed. In Victoria, this included a mailing list of 1130 landholders within the 
Melton Shire, because the property with serrated tussock resistant to flupropanate 
was located within this Shire.  A further 931 surveys were mailed directly to land 
managers recorded as having serrated tussock on the Victorian Department of 
Sustainability and Environment (DSE) Integrated Pest Management System (IPMS). 
Twenty surveys were also sent out to Victorian park rangers, 10 to Vic Roads and 30 
directly to Victorian herbicide spraying contractors. In Tasmania, 275 surveys were 
mailed out directly to land managers recorded as having serrated tussock 
infestations. In NSW and ACT, 338 surveys were sent directly to NSW Landcare 
groups within serrated tussock infested locations, while the remaining 2,265 surveys 
were sent to NSW and ACT Weeds Inspectors for distribution to land managers in 
their districts.  The surveys focused on those regions infested by, or likely to be 
infested by, serrated tussock. Respondents were contacted and reminded by phone 
to return the survey . 
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3.2.1 Resistance fact sheet 
A coloured Fact Sheet from the CRC for Australian Weed Management entitled 
“Understanding the mechanisms behind herbicide resistance” was also sent out with 
the surveys to help land managers understand what herbicide resistance is and how 
it can be prevented (Appendix 2). This resistance fact sheet briefly explains the 
mechanism and development of herbicide resistance and multiple resistance to 
chemicals and outlines integrated management strategies as the only option for 
weed control.  
3.2.2 Questionnaire 
The questionnaire comprised a number of questions, each related to a specific 
problem, in order to find the opinion of the targeted population. The questionnaire 
consisted of a series of questions with regard to serrated tussock infestation, 
herbicide resistance and costs involved with weed management. Respondents were 
requested to provide information on the area of land they managed and the coverage 
of serrated tussock infestation on their land. The infestations were to be categorised 
as ‘Dense – monoculture or close to monoculture – very few native/other species 
present’, ‘’Medium – roughly equal proportions of serrated tussock to other 
native/pasture/crop species present’, ‘Scattered - native/pasture/crop species in 
much greater abundance than serrated tussock’, ‘Rare – single or very few serrated 
tussock plants present’ or ‘Absent’.  They were also asked to classify what 
proportions of these infestations occurred on pastureland, native vegetation or other 
use (roadside, cropping, forestry etc).  Respondents were also asked to indicate the 
costs as “Materials $ costs,” “Labour $ costs”, “Time (days/year) cost” and “$ other 
costs” to control serrated tussock infestations in “pasture”, “native vegetation” and 
“other” land classes. Questions were asked about chemical control, including what 
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herbicides they used for serrated tussock, the number of times they used these 
herbicides and the year they first used these herbicides. They were also asked if they 
had noticed serrated tussock that had not died after two or more applications of a 
tussock herbicide and if they thought this could be due to resistance. Respondents 
were asked about their willingness to support a biological control program in Australia 
and who should pay for such programs (Government, Industry or Landholders). 
 
3.3 Results 
3.3.1 Survey response rate 
A total response rate of approximately 8% (399) was obtained. Approximately 250 
surveys were returned marked as ‘address unknown’. The greatest proportion (52%) 
of completed questionnaires was received from Victoria, followed by 36% from NSW 
(Fig. 3.1). The response rates from Tasmania and ACT were much lower, at 7% and 
5% respectively. 
Responses received
VIC
52%NSW
36%
TAS
7%
ACT
5%
 
Figure 3.1 Statewise response of questionnaires received. 
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3.3.2 Distribution and type of infestation 
The respondents reported on a total area of approximately 0.42 million ha, consisting 
of pasture, native vegetation and other use (roadsides, cropping, etc.) across 
Australia (Table 3.2). They reported serrated tussock infestations totalling 
approximately 102,048 ha, comprising 48% pasture, 43% native vegetation and 9% 
other areas (roadsides, cropping etc.). Of this total, some 80% was in NSW, 8% in 
Victoria, 0.3% in Tasmania and 8% in the ACT. In all states, the greatest area of 
infestation was in pasture, with the second greatest being native land, but the 
proportion in ‘other’ land varied widely, from 10-20% in Vic and NSW, to negligible in 
Tasmania and in ACT (Fig. 3.2). 
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Table 3.2: Serrated tussock infestations reported from survey, categorised by 
state, land use and density. 
State 
 
Land use 
type 
Serrated tussock infestation (ha) 
  Dense Medium Scattered Rare Total 
NSW Pasture 878 1,078 17,909 19,735 39,600 
 Native 1,099 4,303 16,798 10,855 33,055 
 Other 143 12 3,910 5,375 9,440 
 
Total 
 
2,120 5,393 38,617 35,965 82,095 
VIC Pasture 37 371 2,353 2,754 5,515 
 Native 6 195 939 816 1,956 
 Other 99 70 225 247 641 
 
Total 
 
142 636 3,517 3,817 8,112 
TAS Pasture 30 31 121 39 221 
 Native 1 2 64 28 95 
 Other 0 0 5 0 5 
 
Total 
 
31 33 190 67 321 
ACT Pasture 190 25 2,130 1,067 3,412 
 Native 370 1,030 5,976 537 7,913 
 Other 0 0 45 150 195 
 
Total 
 
560 1,055 8,151 1,754 11,520 
Australia  2,853 7,117 50,475 41,603 102,048 
 
  
79 
VIC
51.7
27.9
20.31
Pasture
Native
Other
TAS
53.24
46.75
0
Pasture
Native
Other
ACT
55.05
44.52
0.422
Pasture
Native
Other
NSW
53.02
36.7
10.26
Pasture
Native
Other
 
Fig. 3.2 Pie chart showing serrated tussock infestation (statewise %) on 
various land patterns (Pasture, Native and other). 
The greatest area of serrated tussock infestation was reported from NSW, where 
most of the dense or medium infestations were reported in native vegetation rather 
than pasture, with more scattered and rare infestations reported in pasture (Table 
3.2). Similarly, in the ACT, respondents reported a greater area of scattered serrated 
tussock infestations in native vegetation than in pasture (Fig. 3.2). By contrast, in 
Victoria and Tasmania a greater area of serrated tussock was reported in pasture. 
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3.3.3 Economic impact 
In total, serrated tussock was estimated to be costing $15,130 per respondent per 
year across Australia through management and lost production, (Table 3.3 and 3.4). 
The state (NSW) with the greatest land area of serrated tussock infestations was 
spending the most on serrated tussock control (A$691,759/year and 
A$7,745/respondent/year). However, Growers from ACT are spending  double the 
amount (A$9,405/respondent/year) that reported for Victoria 
(A$3,862/respondent/year) on serrated tussock control. The amount spent on labour 
was greatest in NSW and Victoria but least in ACT and Tasmania, as expected from 
relative areas infested. In the NSW, the cost involved in the management of native 
vegetation was greater than the amount spent in the other Australian states. The cost 
of control per respondent varied between states with a maximum of 
A$9,405/respondent/year from ACT and least from Tasmania 
A$2,130/respondent/year (Table 3.3). Land managers in ACT and NSW on average 
lost more than twice as much in production as those in Victoria, whereas losses in 
Tasmania were only one-sixth of that in Victoria (Table 3.4). 
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Table 3.3: Costs involved for serrated tussock control. 
 
Annual total cost to control serrated tussock 
($/yr) 
State 
(With no. of 
Respondents) 
Land 
use 
types Materials Labour Other Total 
Average 
per 
respondent 
($/yr) 
NSW Pasture 165,714 177,110 23,970 366,794 2,134 
(144) Native 50,180 116,172 87,570 253,922 3,199 
 Other 15,347 41,286 14,410 71,043 2,412 
 
Total 
 
231,241 334,568 125,950 691,759 7,745 
Pasture 53,609 76,478 26,460 156,547 1,010 
Native 16,142 50,898 17,600 84,640 918 
Other 9,275 43,800 8,425 61,500 1,934 
VIC 
(209) 
Total 
 
79,026 171,176 52,485 302,687 3,862 
Pasture 2,050 5,390 3,350 10,790 715 
Native 2,325 4,650 2,500 9,475 1,415 
Other 0 0 0 0 - 
TAS 
(26) 
Total 
 
4,375 10,040 5,850 20,265 2,130 
Pasture 21,550 30,760 40,300 92,610 5,438 
Native 43,450 13,640 17,800 74,890 3,755 
Other 110 500 100 710 212 
ACT 
(18) 
Total 
 
65,110 44,900 58,200 168,210 9,405 
Australia Total 379,752 560,684 242,485 1,182,921 20,940 
 
Table 3.4: Annual production loss by state ($/yr). 
State No. of 
replies 
Total cost 
(A$) 
Average cost per 
respondent (A$) 
NSW 31 478,600 15,439 
VIC 15 91,740 6,116 
TAS 1 1,000 1,000 
ACT 4 91,480 22,870 
AUST 51 662,820 12,996 
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3.3.4 Herbicide use and resistance 
Flupropanate and glyphosate were widely used as a herbicides for serrated tussock 
control across Australia (Table 3.5). The number of respondents reported using 
flupropanate was higher in NSW  and  glyphosate in Victoria. Glyphosate has been 
used more frequently than flupropanate in both Victoria and Tasmania, whereas 
flupropanate was used more frequently in NSW and ACT. Respondents from NSW 
and the ACT had used flupropanate for more than 10 years on average. 
 
Table 3.5: Herbicides used to control serrated tussock by respondents and 
average years/times used. 
 
State Flupropanate  Glyphosate  
 No. reporting Average years 
 used 
 No. reporting Average years 
used 
 
NSW 96 10.7  68 7.6  
VIC 56 5.1  120 5.6  
TAS 7 1.4  4 6.0  
ACT 10 10.9  11 3.8  
AUST 170   203   
 
Suspected resistance to flupropanate was reported by nine land managers and, 
unexpectedly, suspected resistance to glyphosate by six land managers in Victoria 
and NSW (Table 3.6, Fig. 3.3). There was a cluster of 6 Victorian populations 
suspected of flupropanate resistance in the Diggers Rest, Sydenham and Bulla 
locality just north-west of Melbourne and there were discrete from populations in 
NSW and ACT (Fig. 3.3). By contrast, only 6 properties were suspected of 
glyphosate resistance, 5 in Victoria and one property in NSW (Table 3.6).  
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Table 3.6: Survey respondents reporting resistance. 
State Flupropanate 
resistance? 
Glyphosate 
resistance? 
NSW 2 1 
VIC 6* 5 
TAS 0 0 
ACT 1 0 
AUST 9 6 
* Includes 2 properties confirmed to have resistance. 
 
Figure 3.3:  Distribution of survey respondents reporting resistance. 
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3.3.5 Who should pay for a biocontrol program for serrated tussock? 
Most of the respondents (79%) indicated that the Government should atleast partly 
fund any biocontrol research program (Fig. 3.4). Only four and six percent supported 
Industry and landholders respectively alone paying for biocontrol programs while 
17% of respondents supported government, industry and landholders jointly funding 
biocontrol research programs. Around 11% of the respondents did not answer. 
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Figure 3.4: Respondents on who should pay for biocontrol programs. 
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3.4 Discussion 
This survey has confirmed the massive impacts of serrated tussock on south-eastern 
Australian land managers, with annual serrated tussock costs ranging from $15,000 
to $16,000 per year per respondent. This survey has also identified the widespread 
infestation of this noxious weed on a variety of land use types, from pasture to native 
grasslands, and the decrease in the value of productive farm lands. As the outcome 
of the survey, nine properties reported serrated tussock suspected of resistance to 
flupropanate and, unexpectedly, six land managers also reported serrated tussock 
plants suspected of resistance to glyphosate, all of which need to be investigated 
further. 
 
Respondents returned 399 out of 5000 questionnaires, a response rate of 8%, similar 
to that observed by Aref and Pike (1998). A greater response rate was observed in 
Victoria and NSW than in the other two states, perhaps because many of the farmers 
were contacted by phone and reminded to return the survey. In some of the districts, 
growers were reminded by the regional weeds officer to return the questionnaires, 
which would be expected to result in a higher response rate. Very few properties 
were recorded as infested in Tasmania and ACT and so a relatively limited number of 
surveys were sent out since the area of serrated tussock infestation was less, making 
the data less reliable. 
 
Serrated tussock easily dominates the native vegetation by its perennial drought-
tolerant nature with a deep root system and rapid growth (Campbell and Vere 1995). 
With its high seed fecundity rate, it can produce over 2 tonnes of seed or about 900 
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million seeds per hectare (Campbell 1982) and rapidly build up the soil seed bank. 
The construction of a soil seed bank would lead to a mass germination of serrated 
tussock seedlings that later continues its infestation over the nearby non-cultivable 
land and bare ground. The detection of serrated tussock infestations in pasture land 
suggests the migration of tussock seeds from neighbouring paddocks or the 
movement of seeds through farm implements and poor maintenance. Campbell et al. 
(1979) reported that improved pasture species like subterranean clover (Trifolium 
subterraneum) and phalaris (Phalaris aquatica) would compete well with serrated 
tussock, rapidly cover the ground and ultimately result in reduced bare ground for 
tussock regeneration. 
 
The differences between states in estimated areas and types of infestation in 
different types of land may reflect differences in the survey method also. Most of the 
Victorian and Tasmanian land managers received surveys through direct mail. 
However, in NSW and the ACT, surveys were distributed to growers through weeds 
officers, environmental officers and agronomists. In some cases the weeds officers 
reported for an entire region. In retrospect, native grassland could have been 
classified as either pasture or native vegetation and so the data may not be precise 
on this. In Victoria, the “Other” category recorded the largest area of dense serrated 
tussock. However, this was reported by a single landowner who did not provide 
contact details. Weeds officers, agronomists and farmers may all have different 
perceptions of relative infestations and area. In NSW and Victoria, a mixed 
infestation (dense, medium, and scattered) was noticed by the growers on roadsides 
and in forestry lands. Serrated tussock on roadsides is a major concern for the 
environment and has a potential to spread rapidly. Tillers can be dispersed long 
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distances by vehicles. Serrated tussock seeds are mainly dispersed by wind; the 
seed head breaks off and may blow up to several kilometres or till it gets obstructed 
by fences, bunds or other plants. In addition, seeds can also spread through 
machinery, hay, water, mud, fur and animal droppings (Westbrooks and Cross 1993).  
Healy (1945) recorded serrated tussock panicles being carried over 16 km, with half 
of the seeds retained in the panicle. Seeds can also spread through farm 
implements, vehicle tyres, slashing equipment or by moving soil ( Moerkerk 2005). 
 
From the survey results it was clear that the growers were spending more money on 
labour than on materials (chemicals/herbicides) in the control of serrated tussock. 
The cost allotted for serrated tussock control may also reflect the economic status of 
the farm. Serrated tussock is very difficult to eradicate and requires additional costs 
to control it once plants become well established. Flupropanate and glyphosate were 
both widely used by landholders to control serrated tussock across Australia. 
Although flupropanate is the only selective herbicide for serrated tussock control, the 
slow action of the chemical and the longer time to see an adequate effect 
encourages property managers to adopt other herbicide options like glyphosate. 
Glyphosate is rapid in action, but the non-selective nature of the chemical affects the 
growth of other, beneficial grass species. Most of the growers from Victoria chose 
glyphosate as the control measure for serrated tussock. This may be because it kills 
other weeds too, especially on uncultivable lands, in a lesser time. In addition, the 
recent documentation of flupropanate resistance in serrated tussock (Noble et al. 
2005) would make flupropanate less acceptable.  
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This report on resistance suggests growers are generally aware of herbicide 
resistance. A main aim of the national survey was to determine and locate properties 
with suspected flupropanate resistance across areas of infestation in Australia. The 
survey identified nine properties (NSW-2, Vic-6, and ACT-1) suspected of having 
serrated tussock resistant to flupropanate and six properties suspected of glyphosate 
resistance (NSW-1 and Vic-5). The land managers reporting flupropanate resistance 
were contacted to collect the suspected resistant plants for resistance testing in pot 
trials. Flupropanate resistance pot trials carried out at the Department of Primary 
Industries (DPI) Victoria and RMIT University have since then identified serrated 
tussock from two of these properties in Victoria and one in NSW as being resistant to 
flupropanate. Serrated tussock plants from one Victorian property survived 
application rates as high as 12 kg a.i./ha (16 L/ha), which is eight times the 
recommended dose (David McLaren, DPI Vic., pers. comm.). The Victorian DPI has 
been working in collaboration with the Melton Shire Council to ensure that all 
serrated tussock on and surrounding the property confirmed with resistant serrated 
tussock is controlled (David McLaren, DPI Vic., pers. comm.).  Obtaining serrated 
tussock samples from the other properties with suspected glyphosate resistance is 
under way. The detection of flupropanate resistance is likely to decrease the 
agricultural land value, as growers from Western Australia reported that fields with 
Lolium rigidum resistance to ACCase and ALS herbicides dropped in land value 
(Llewellyn et al. 2002).  
 
Most of the growers thought that new research and development programs should 
focus the tussock research on exploring alternative herbicide options and other 
control strategies for serrated tussock management, and most supported biological 
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control. A similar mail survey conducted in Victoria for Chilean needle grass 
(Nassella neesiana) (McLaren et al. 2002a) also indicated that the growers were 
highly supportive of biological control programs to manage noxious weeds. 
It is critical that the growers do not rely solely on one herbicide type for the control of 
serrated tussock.  Land managers need to consider mechanical control, cropping, 
pasture rehabilitation, grazing management and other available herbicide options to 
reduce the likelihood of herbicide resistance (Gill 1995; Nietschke et al. 1996). The 
implications of serrated tussock herbicide resistance are its increased dominance as 
a noxious weed and increase in control costs for land managers, with more herbicide 
usage and greater environmental pollution as a consequence. This survey reinforces 
the need to practise integrated weed management and the need for more field-based 
surveys across Australia to assess flupropanate resistance in serrated tussock. The 
resistant serrated tussock plants have already extended their spread, but neither the 
genetics nor the heritability is known. It is important and necessary to investigate the 
heritability of resistance in serrated tussock, as this would provide an insight into the 
spread of resistance genes and how this affects management strategies in future 
(Chapter 4).  
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Chapter 4 
Heritability of flupropanate resistance in Nassella trichotoma 
4.1 Introduction 
Herbicide-resistant weeds are becoming a major issue in weed management. To 
date more than 315 resistant biotypes have been recorded globally (Heap 2007) 
and the number increases every year, causing yield losses and increasing 
production costs. Resistance is defined as the ability of a biotype to survive 
treatments with the herbicide that is normally used for the control of the species 
(Anderson 2006). Susceptibility is defined as the ability of a biotype to be 
“controlled at or below the label use rate” (Barrentine et al. 1992).  
 
Herbicide resistance is one of the important heritable traits that can segregate 
within the weed population and under the influence of environmental or seasonal 
abnormalities (LeBaron and Gressel 1982). Genetic variation within the weed 
population plays a major role in the evolvement of resistance. The amount of 
genetic variation that exists within the plant population can affect the ability of a 
population to evolve herbicide resistance. This genetic variability can occur either 
through mutation or migration of the pollen or seed from a pre-existing mutated 
population. It is always desirable to understand the genetic mechanism of 
resistance, which determines the nature of its spread and how it affects the 
management strategies in future.  
4.2 Evolution of resistance 
Development of herbicide resistance is an evolutionary phenomenon that can 
occur in all plant species, where the gene frequencies within a plant population 
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change as a result of the selection pressure imposed by chemicals or mutation, 
mating pattern or plant biology and migration of genes (Slatkin 1987). The 
repeated application and continuous usage of herbicides with similar actions 
result in a change in the genetic structure of the weed population, which becomes 
better adapted to the intense pressure of the herbicides. In general, gene 
mutations conferring resistance to a specific herbicide group are not induced by 
herbicide application, but rather selected for, from many spontaneous gene 
mutations (Jasieniuk et al. 1996). This resistant mutant population can act as a 
source for resistant alleles to establish in the field population. 
 
Mutations generally occur randomly in the plant population (Christoffers 1999). 
This leads to the evolution of resistance in the weed population under selection 
pressure from herbicides. The frequency of mutation may vary with the crop 
species, environment and the type of organelle involved (nucleus, chloroplast and 
mitochondria) (Christoffers 1999; Wolfe et al. 1987).  Table 4.1 shows that most of 
the herbicide-resistant phenotypes recorded in Groups A and B are inherited 
through nuclear genes, but that Group C herbicide resistance is inherited 
predominantly through maternal chloroplast genes.  
 
The continuous application of herbicides imposes strong selectivity in plants, 
causing up to 90% mortality (Gressel and Segel 1978) and allows very few 
individuals to survive as the carriers of resistance genes. Several factors may 
influence the development of resistance in a population; these include the initial 
frequency of resistant genes, the herbicide group and efficacy, and the size and 
proportion of the weed population treated.  
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Table 4.1: The nature of inheritance in various weed species. 
 
Herbicide 
group 
Herbicide Crop/Species Mode of 
inheritance 
Dominant/ 
recessive 
References 
A Diclofop Wild oat (Avena 
fatua)  
Nuclear Dominant Seefeldt et al. 
(1998) 
  Italian rye grass 
(Lolium mutiflorum)  
Nuclear Dominant Betts et al. 
(1992) 
 ACCase 
inhibitors 
Giant foxtail millet 
(Setaria faberi) 
Nuclear Dominant Volenberg and 
Stolenberg 
(2002) 
 
B Metsulfuron Prickly lettuce 
(Lactuca spp.) 
Nuclear Dominant Mallory-Smith et 
al. (1990) 
 Fenoxaprop-
p-ethyl 
Blackgrass 
(Alopecurus 
myosuroides) 
 
Nuclear Dominant Letonze and 
Gasquez (2001) 
C Atrazine Brassica 
campestris 
Maternal  Souza Machado 
et al. (1978b) 
  
Chenopodium 
album 
Maternal  Warwick and 
Black (1980) 
  Bluegrass  
(Poa annua) 
Maternal  Darmency and 
Gasquez (1981) 
 Simazine Senecio vulgaris Maternal  Scott and 
Putwain (1981) 
 Triazine Amaranthus 
retroflexus 
 
Maternal*  Solymosi (1981) 
D Trifluralin Foxtail millet 
(Setaria viridis) 
Nuclear Recessive Jasieniuk et al. 
(1994) 
 Diclofop-
methyl 
Wild oat  
(Avena sativa) 
Nuclear Recessive Warkenlin et al. 
(1988) 
 Dinitroaniline Foxtail millet 
(Setaria italica) 
Nuclear Recessive Wang et al. 
(1996) 
  Goose grass 
(Eleusine indica)  
Nuclear Recessive Zeng and Baird 
(1997) 
 
I Dicamba Wild mustard 
(Brassica kaber)  
Nuclear Dominant Jasieniuk et al. 
(1995) 
 
M Glyphosate Fern  
(Ceratopteris 
richardii) 
Nuclear Dominant TaiChun and 
Hickok (1992) 
  Rigid ryegrass 
(Lolium rigidum) 
Nuclear Dominant Lorraine-Colwill 
et al. (2001) 
  
Conzya canadensis Nuclear Dominant Zelaya et al. 
(2004) 
* Nuclear influences also proposed (Patzoldt et al. 2003) 
 
 
Breeding among the surviving progeny in successive generations provides a 
sufficient number of resistance alleles to evolve a resistant population (MacNair 
1991). Gressel and Segel (1981) also indicated that the development of 
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resistance depends on the quantity and number of herbicide applications received 
by the plant population for the specific herbicide. The result of mutation in the 
gene, which may code for the synthesis of a specific enzyme, changes the 
specificity of the plant to the chemical and the plant then exhibits resistance 
(MacNair 1991). 
 
Resistance in plants can be expressed as qualitative or quantitative, depending 
upon the site of application. Maxwell and Mortimer (1994) reported that soil-based 
application of herbicides resulted in quantitative inheritance and speculated that 
the slower movement and persistence of herbicides in the soil allowed maximum 
exposure to late germinating weeds and ultimately ended in accumulation of 
resistance alleles. 
4.3 Ecological fitness 
Ecological fitness is a natural phenomenon among the plant population; often a 
plant selected for a specific character (e.g. herbicide resistance) becomes less fit 
ecologically, which makes it less competitive with other biotypes under non-
selective conditions. Fitness has been defined as “the survival and reproductive 
capacity of an individual plant biotype to the other as a result of natural selection” 
(Cook 1971).  Fitness can be measured by determining the seed production or the 
biomass production of a particular biotype over a period or season.  According to 
Holt and Thill (1994), the biotype with superior ecological fitness survives better 
and has an evolutionary advantage over the other phenotypes in that 
environment.   
The occurrence of mutation, e.g. herbicide resistance, can result in loss of 
ecological fitness, in that the population of herbicide resistant weeds may have 
less adaptability than the un-mutated population. The resistant biotype may suffer 
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initially compared to the other biotypes, which would restrict the frequency of the 
new gene. Gressel and Segel (1978) proposed that, in the absence of herbicide 
application, a sensitive biotype with higher ecological fitness would replace a less 
fit resistant biotype in a population. By understanding the fitness of resistant and 
sensitive biotypes, modified methods for resistance management could be 
developed.  
 
There are numerous examples of herbicide resistance being associated with 
reduced ecological fitness. Triazine resistance is highly correlated with reduced 
ecological fitness. Mutation in the psbA gene, which encodes the herbicide- 
binding protein (QB or D1) of Photosystem II (Hirschberg et al. 1984) results in 
triazine resistance but also reduced electron transfer between Photosystem II 
acceptors QA and QB. This leads to decreased photosynthetic rate; yield, 
competitive ability, and reduced foliage cover compared with sensitive biotypes 
(Holt 1988). Triazine-resistant Common lambsquarters (Chenopodium album) 
(Parks et al. 2004) also showed reduced ecological fitness of resistant plants in 
various growth parameters. 
4.4 Mode of inheritance  
4.4.1 Nuclear inheritance 
Resistant genes can be located in either the nucleus or the organelle (cytoplasmic 
DNA). Nuclear inheritance is where the trait is carried by the nuclear genes of the 
parents and transmitted to their offspring. In most weed species, the resistance is 
transmitted through nuclear genes, with certain exceptions showing maternal 
inheritance (Table 4.1). Herbicide resistance is therefore inherited predominantly 
in a Mendelian fashion in many weed species. Nuclear inheritance has been 
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recorded for the herbicides of Groups A (e.g.diclofop), B (e.g. metasulfuron) and 
C (e.g. atrazines) (Table 4.1).Transmission of resistant alleles can occur through 
pollen as well as ovules in nuclear inheritance (Jasieniuk et al. 1996).  
Resistance to herbicides from Groups A, B, C, I, and M is predominantly 
expressed as a dominant rather than as a recessive trait.  By contrast, resistance 
to herbicides from Group D is always expressed as a recessive trait in various 
weed species.  For example, Ng et al. (2004) reported that a single nuclear and 
incompletely dominant gene conferred the trait of resistance to glyphosate (Group 
M) in Goosegrass (Eleusine indica). However, Zeng and Baird (1997) stated that 
the inheritance of resistance to dinitro-aniline (Group D) in the same species was 
conferred by a single recessive nuclear gene. Since Goosegrass is a highly self-
pollinating species the likely rate of spread of resistance was low when compared 
with a cross-pollinating species. 
 
Although inheritance is predominantly Mendelian, there are exceptions.  For 
example, a recessive gene is associated with dinitro-aniline resistance in both 
Goosegrass (Eleusine indica) and Foxtail millet (Setaria italica) (Wang et al. 
1996). In Goosegrass, a single gene was responsible and Mendelian inheritance 
was observed, but in Foxtail millet, the F2 segregation ratio did not fit the 
Mendelian segregation ratio, indicating strong linkage between the resistant gene 
and an unknown detrimental factor. Such information on mode of inheritance and 
data on genetic variability are not available for all herbicide-resistant weed 
species. 
4.4.2 Maternal or cytoplasmic inheritance 
Maternal inheritance has been observed in some plant species in which the 
character of the female parent is transmitted to the progeny. As a result, 
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reciprocal crosses exhibit consistent differences for such traits and there is a lack 
of segregation in subsequent generations. This type of inheritance is referred to 
as maternal or cytoplasmic or extra-nuclear inheritance (Singh 1996). Genes 
governing the traits showing cytoplasmic inheritance are located outside the 
nucleus, in the cytoplasm, i.e. in the organelles, and hence they are also called 
cytoplasmic genes or plasma genes or extra-nuclear genes.  Cytoplasmic 
inheritance is due to the genes in cell organelles (plastids or mitochondria) that 
are integral constituents of normal plant cells (Singh 1996). Genes in mitochondria 
or plastid DNA determine the type of inheritance. So far, no herbicide resistance 
has been associated with mitochondrial genes. 
 
The chloroplast genome codes for herbicide resistance, e.g. triazine resistance, in 
several monocotyledon and dicotyledon weed species. More than 170 weed 
species have been documented as resistant to triazine from various parts of the 
world (Heap 1997) and all are associated with chloroplast inheritance. Resistance 
is due to a point mutation on the chloroplast psbA gene that encodes for a protein 
in the thylakoid membrane in chloroplasts, at which triazine herbicides act 
(Hirsberg and McIntosh 1983). Hence, the modified gene of the chloroplast forms 
the basis for triazine resistance. Chloroplast resistance is carried mainly through 
the ovules of the maternal parent, with only a minimal percentage recorded 
through pollen (Darmency and Gasquez 1981). From Table 4.1, it is clear that 
resistance to Group C herbicides (eg. atrazine, triazine) was predominantly 
inherited through chloroplast genes. It has been estimated that there were more 
than 3 million hectares infested with triazine-resistant weeds across the world 
(Heap 1997) and in many countries triazine-resistance has been best controlled 
by the use of alternative herbicides. 
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The inheritance of atrazine resistance in Chenopodium album, a hexaploid and 
self-pollinated weed, showed that maternal cytoplasm was responsible for 
resistance (Warwick and Black 1980). The same is true for wild brassica (Brassica 
compestris), a diploid that is self-incompatible and out-crossing.  The segregation 
results obtained from the F2 generation and backcross progenies suggest that the 
trait was inherited through the maternal parent and controlled by cytoplasmic DNA 
(Souza Machado et al. 1978a). 
 
4.5 Breeding systems 
The breeding system of a species determines the genotypic frequencies of its 
perpetuating population in each generation. Most weed species are highly self-
pollinated and the spread of resistance will therefore be reduced in autogamous 
plants (Jasieniuk et al. 1996). The three common factors that influence the rate of 
spread of resistance are the degree of out-breeding, dominance and homo-or 
heterozygosity. 
4.5.1 Cross/self fertilization 
Selfing in any plant population has greater effect on the probability and 
emergence of recessive mutations (Charlesworth 1992). In a highly self-pollinating 
species, dominant and resistant alleles would be expected to increase at a similar 
frequency, whereas in an out-crossing species the frequencies of dominant alleles 
increase at a higher rate than recessive alleles and rapidly accelerate the spread 
of resistance if it is controlled by dominant genes (Maxwell 1992). For example, 
Green foxtail (Setaria italica) is a highly self-pollinated weed species; inheritance 
studies on trifluralin resistance showed that the trait was governed by a single 
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nuclear recessive gene (Jasieniuk et al. 1994). The self-pollinating nature of 
foxtail millet makes the establishment of resistance easier and accelerates the 
spread of the recessive mutant as quickly as that of a dominant mutant. 
 
Resistance encoded by an recessive allele within an allogamous (cross-
pollinating) weed species may be slower to evolve, compared with a resistance 
coded by a dominant allele, because of the inability of heterozygotes to express 
the herbicide resistance trait (Christoffers 1999). Letonze and Gasquez (2001) 
investigated the inheritance of fenoxaprop-p-ethyl in Black grass (Alopecurus 
myosuroides), which is a highly cross-pollinating species. Results from the F1 
generation showed that the inheritance of resistance was governed by a nuclear 
gene with no maternal influence and the F2 segregation ratio revealed the 
involvement of two dominant and independent nuclear genes. 
 
The spread of phenotypic resistance will occur more rapidly in any allogamous or 
autogamous species with a dominant allele for herbicide resistance than with a 
recessive allele.  Wild oat (Avena fatua) is a self-pollinating species and so a 
recessive trait would spread more rapidly than in an out-crossing species once the 
resistant plants become established. Moreover, the selection pressure (herbicide 
treatment) imposed on both the auto- and allogamous plants favours the 
herbicide-resistant, non-recessive mutation (Charlesworth 1992). 
4.5.2 Homo/heterozygosity 
Any resistance mutation that occurs in a plant population is usually present in a 
heterozygous condition but its survival depends on the degree of dominance 
(Jasieniuk et al. 1996). So a dominant mutant carrier can survive herbicide 
treatment better than a recessive mutant carrier. In an out-crossing weed species, 
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the heterozygous plants have a greater chance to breed with homozygous 
sensitive plants, resulting in heterozygotes which are resistant to herbicides if 
resistance is a dominant trait and sensitive if resistance is a recessive trait. 
 
By contrast, in selfing plant populations, a proportion of the progeny from 
heterozygotes become resistant and this rapidly increases the frequency of 
homozygotes and reduces the chance of loss of the recessive mutation. In an 
autogamous weed species, the recessive mutation will spread at the same rate as 
dominant recessive mutations in allogamous species. 
4.5.3 Dominant/recessive genes 
The level of dominance and the frequency of heterozygosity in a population 
influences the selection, since heterozygosity of the population is determined by 
the mating system of the weed species (Christoffers 1999). Any kind of newly 
evolved mutation in the field is probably originally present in a heterozygous 
condition; the survival of a heterozygote depends less on mating with another 
mutant plant with dominant allele (Jasieniuk et al. 1996). 
 
Resistance encoded by a single nuclear gene can depend on whether a 
population is homozygous or heterozygous nature. On the contrary, a recessive 
character will not be expressed in a heterozygous population (Christoffers 1999). 
As presented in Table 4.1, most resistant mutations were expressed and largely 
determined by dominant alleles. Any new resistance allele present in a dominant 
state in the plant population can spread faster and is more likely to establish than 
a recessive resistance allele. In some weed species, resistance is also expressed 
in semi-dominant or intermediate fashion, where heterozygous plants express an 
intermediate level of resistance (Christoffers 1999). For example, in Lactuca spp. 
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sulfonyl urea resistance, coded by a single nuclear gene, was expressed in a 
semi-dominant form (Mallory-Smith et al 1990). Also, dominance may be 
influenced by other factors, such as the environment and the herbicide rate used. 
 
Dominance and recessiveness are more significant in weed species with high 
levels of out-crossing, like wild mustard (Brassica kaper) and common water 
hemp (Amaranthus rudis). Heterozygote frequency is largely determined by the 
breeding nature of the plant species (auto- or allogamous). In an allogamous 
species, a mutant with a dominant resistance allele can easily survive the 
herbicide treatment and act as a source for the spread of resistance, while a 
mutant with a recessive resistance allele would result mostly in susceptible 
progeny and limit the spread. Hence, the breeding system is also a factor that 
affects the expression of resistance. 
4.6 Gene Flow 
Pollen can spread resistance genes up to 21 km from the source (VandeWater et 
al. 2007). Gene flow within a population is very important in determining the 
potential spread. Mutation, genetic drift due to finite population size and natural 
selection favouring adaptations to local environmental conditions all lead to 
genetic differentiation of local populations and the movement of gametes, 
individuals and even the entire population, collectively called gene flow (Slatkin 
1987). In general the rate of gene flow is greater than the rate of new mutations. 
Gene flow through pollen and seed from a pre-existing resistant population can 
spread the resistance. 
 
In Kochia scorpia, pollen carrying resistance genes was recorded 50 m from the 
source (Stallings et al. 1995). In tall fescue (Festuca arundinacea), the greatest 
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flow of gene frequency was observed at 150 m; wind speed and direction played 
key roles in dispersal of pollen (Wang et al. 2004). A greater distance, of 3 km 
pollen movement, has been reported from fields of non-GM herbicide resistant 
canola to sensitive cultivars (Reiger et al. 2002).  An even greater distance of 
pollen movement of 21 km was recorded in genetically modified creeping bent 
grass (Agrostis stonifera) (Van de Water et al. 2007). The contribution of gene 
flow through pollen was, however, relatively small when compared with dispersal 
of resistant seeds for the spread of resistance in wild oat (Murray et al. 2002). 
 
In general, most spread of resistance is probably by seeds (e.g. annual ryegrass). 
Agricultural equipment plays a considerable role here in the gene flow, by carrying 
herbicide-resistant seed and other propagating material, e.g. tillers, rhizomes, 
tubers, into susceptible populations (Moerkek 2005). 
4.7 Aims 
Flupropanate is a Group J herbicide that is considered to pose a low risk of 
resistance. To date, resistance has only been confirmed in one species (serrated 
tussock-Nassella trichotoma) at Diggers Rest, Victoria (Noble et al. 2005).  A 
national mail survey conducted by McLaren et al. (2006) for flupropanate 
resistance identified a further nine properties with serrated tussock suspected of 
flupropanate resistance.  One of these, at Rowsley Valley, Victoria, close to 
Diggers Rest, has now been confirmed as resistant (D. McLaren, pers. comm.). 
 
Understanding the inheritance of flupropanate resistance would help researchers 
to predict the likelihood of resistance spreading in the near future. Serrated 
tussock is believed to be a highly self-pollinating species, but the extent of out-
crossing is not known (Taylor 1987). Only a little is known of its reproductive 
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biology and the presence of cleistogamy makes the breeding system complex. 
This chapter documents the inheritance of flupropanate resistance in controlled 
and natural pollinations between resistant and sensitive biotypes of serrated 
tussock. 
 
4.8 Materials and Methods 
4.8.1 Origin of parent plants 
The resistant serrated tussock parent plants were originally collected from Diggers 
Rest (Northwest of Melbourne, Victoria) in 2001 and later confirmed as resistant in 
seed and pot trials (Noble et al. 2005). The flupropanate-sensitive serrated 
tussock plants were collected from Victoria University, St Albans Campus locality 
where sensitive populations were collected earlier and used for other resistant 
studies.  All the resistant and sensitive plants used in both the manual and natural 
breeding experiments were cloned from these plants. Tillers were potted into 12 
cm diameter pots with standard potting mix. Plants were left to establish and were 
irrigated and fertilized as needed during growth to maturity in a glasshouse with a 
temperature range of 25-30oC during the day and 15-20oC at night. 
4.8.2 Manual crossing (2004) 
Resistant and sensitive serrated tussock plants were transferred into three 
separate glasshouses with the same controlled environmental conditions to 
minimise contamination with foreign pollen.  Manual breeding was carried during 
Oct – Dec 2004. Glasshouse I was used solely for keeping the pollen donor 
parent plants of both resistant and sensitive types. All crosses are described as 
female X male parent and S is used to designate sensitive parent plants and R for 
resistant parent plants. The sensitive female parents for S x R and S x S crosses 
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were kept in Glasshouse II, whereas the resistant female parent plants for R X R 
and R X S crosses plants were kept in Glasshouse III. 
 
Most anthesis was observed at 7-11 am, with a little later in the day. Panicles 
selected for crossing were supported by bamboo sticks and covered by brown 
paper bags on the previous evening to avoid contamination by foreign pollen. The 
florets were very small (1-2 mm) with a bifid feathery stigma. To minimise damage 
or injury to the stigma, an Optical Glass Binocular Magnifier (Donegan Optical 
Company, Kansas, U.S.A) was used during crossing. Emasculation is necessarily 
followed by pollination. Emasculation followed by pollination was performed early 
in the morning, at 7-9 am in spikelets (florets) in which the anthers were extruded 
but had not dehisced. The remaining unopened florets and any florets with 
dehisced anthers in the emasculated panicle were removed using fine scissors. 
Pollen grains with the anther sacs were collected from the donor parents. The 
stigmatic surface of the emasculated floret was dusted with pollen grains collected 
from the pollen donor parent using fine needles. All forceps (tweezers), needles, 
fingers and other pollinating tools were sterilized in 70% ethanol before and after 
pollen collection and pollination. 
 
Crossing was performed continuously for 15 days. The crossed florets in the 
panicle were tagged with tie-on paper tags and protected with paper bags. The 
stalks of the crossed florets were also marked using a permanent marker. The 
mature seeds of both crossed and selfed plants were harvested in bags and 
stored at ambient temperature in paper bags for 3 months, to overcome the 
dormancy period, before testing. 
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4.8.3 Selfing 
Both resistant and sensitive serrated tussock plants were selfed by covering the 
entire panicle with a paper bag prior to anthesis, leaving the panicles undisturbed 
till the seeds matured. All the selfed parent plants were housed in Glasshouse I 
throughout the experimental period. Mature seeds were collected and stored in 
paper bags for 3 months as above. 
In addition to the manual breeding programme, three resistant and sensitive 
serrated tussock plants were also grown in the Glasshouse I in close proximity to 
allow natural pollination. During anthesis, the panicles were manually shaken 
gently every morning to supplement the pollination. After the completion of the 
flowering period the resistant and sensitive crossed plants were separated to 
avoid seed contamination. After maturation, seeds from the panicles were 
harvested in paper bags and stored as before. 
4.8.4 Natural crossing (2005) 
As only a limited number of seeds were obtained from the manual crossing (2004) 
and difficulties were encountered with the tiny florets, a natural crossing method 
was used to obtain a greater number of seeds. Ten resistant and ten sensitive 
serrated tussock plants were placed inside a rectangular cage (95cm ×145cm × 
95cm) covered by white muslin cloth . To circulate pollen grains, a fan was fixed 
under the roof of the cage facing downwards and an automatic timer operated the 
fan for 8 h, from 6 a.m. to 2 p.m. Both resistant and sensitive plants were shaken 
manually every morning to supplement the flow of pollen grains. 
 
Once the flowering was complete, resistant and susceptible plants were moved to 
two separate benches in the same glasshouse to prevent seed contamination. 
The seeds of both were harvested and stored in paper bags as before. 
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4.8.5 Seedling assay for F1 identification  
Only firm well-formed seeds were tested for resistance to flupropanate, in three 
replicate 9 cm diameter glass Petri dishes with 10 seeds each. Two control seed 
samples, of known Resistant (GF-GlennFord) and Sensitive (St-St Albans) seeds, 
were also included (Noble et al. 2005). F1 seeds were placed on Whatman 182 
seed test paper moistened with 5 ml of 40 ppm (30 a.i./L) flupropanate as 
Taskforce®. A control treatment with distilled water was also included. The seeds 
were left to germinate at 25°C with a 12 h photoperiod provided by fluorescent 
tubes as in Chapter 2. Lost water was replaced three times a week and plates 
were re-randomised every week. Shoot length (mm) was measured after 14 days 
to distinguish the sensitive seedlings from the resistant biotypes (Noble et al. 
2005). Seedlings were categorised as sensitive if the shoot length was <10mm 
and greater than 10mm were considered to be resistant. It was assumed that 
seeds from manual crosses were true hybrids. Seedlings were recovered and 
transplanted into trays with a standard seedling raising mix for establishment and 
grown at 24°C/18°C with a 12 h photoperiod for 3-4 months in a controlled 
temperature room with 270 µmoles m-2 s-1 light provided by halide lamps. 
Surviving seedlings were transferred into 6 cm diameter pots with standard potting 
mix to produce the F2 seeds.  
4.9 Results  
4.9.1 Manual crosses (2004) 
Serrated tussock plants in all treatments produced seeds. Flowering depended on 
the prevailing atmospheric weather condition; only 5-10% of the florets would 
bloom on sunny days and none on cloudy days. The small size of the florets and 
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thin pedicels made crossing difficult and a significant proportion of the unopened 
florets were lost during the emasculation and tagging process. 
 
All seeds tested germinated and resistance ranged from 0-100% (Table 4.2). All 
selfed seedlings behaved true to their parental type, in that all sensitive plants 
produced only sensitive seedlings and vice versa. Naturally pollinated plants 
produced 10-17% of the opposite type seedlings, in that sensitive plants produced 
10% of resistant seedlings and 17% of resistant plants produced sensitive 
seedlings. Manually crossed plants showed similar results to naturally pollinated 
plants, although the seed yield was less. Both sensitive and resistant plants 
produced seedlings true to type when mated with the same type and 7-10% of the 
opposite type when mated with the opposite type. 
 
Only the resistant seedlings survived transplantation to pots, but they did not 
flower in 2005 or 2006 and so it was impossible to raise an F2 generation. 
Sensitive seedlings deteriorated and died in trays within 2 weeks. 
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Table 4.2. Resistance to flupropanate (30 mg a.i/L) in seedlings from manual 
crosses, natural pollination and selfing in 2004. All crosses were female × male, 
R=resistant, S=sensitive. Data are counts, n=30 seeds tested. 
Treatment Selfed  Naturally 
pollinated 
 Manually crossed 
 S R  S×R R×S  S×S S×R R×S R×R 
No. resistant 0 30  3 25  0 3 28 30 
No. sensitive 30 0  27 5  30 27 2 0 
% resistant 0 100  10 83  0 10 93 100 
 
 
 
4.9.2 Natural crosses (2005) 
The number of seeds tested per plant varied six-fold because plants varied in their 
seed production. Three plants (H, I and J) produced chaffy ill-filled seeds; these 
were excluded from seed testing. Seed germination varied from 99% (S × R 
crosses) to 100% (R × S crosses) (Table 4.3). All selfed seedlings behaved like 
the parent plants. Reciprocal crosses produced reciprocal results, in that crosses 
with the sensitive female parent produced 15% (7.5-21.3%) resistant seedlings 
and crosses with the resistant female parent produced 84% (81.2-88.9%) 
resistant seedlings. The results produced in this experiment were similar to the 
manual or hand crosses.  
Sensitive seedlings in both the crosses (S × R and R × S) died within two weeks 
of germination. All the surviving resistant seedlings in both the crosses were 
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transplanted into pots to raise an F2 generation, but none of them flowered in 
2007, and so it was not possible to study the F2 generation. 
Table 4.3. Resistance to flupropanate (30 mg a.i/l) in seedlings from natural 
crosses and selfed plants in 2005. All crosses were female × male, R=resistant, 
S=sensitive. Data are counts. 
Cross Plant No. of seeds tested 
No. of germinated 
progeny 
% 
Resistant 
   Resistant Sensitive  
S×R A 109 19 88 17.7 
 B 134 13 121 9.7 
 C 145 31 114 21.3 
 D 135 22 113 16.2 
 E 26 3 23 11.5 
 F 122 21 101 17.5 
 G 146 11 135 7.5 
Total  817 120 695 14.7 
      
R×S A 22 18 4 81.8 
 B 145 129 16 88.9 
 C 143 119 24 83.2 
 D 128 104 24 81.2 
 E 121 102 19 84.2 
 F 120 100 20 83.3 
 G 23 19 4 82.6 
Total  702 591 111 84.1 
 
S selfed  30 0 30 0 
R selfed  30 30 0 100 
 
 
 
 
 
  
109 
4.10 Discussion 
The heritability of flupropanate resistance from both the parents strongly suggests 
a genetic origin. The 80-90% matching of seedling type to maternal parent type 
strongly indicates the involvement of a maternal component in the inheritance of 
flupropanate resistance, with a minor proportion of resistance heritable through 
pollen. It is therefore hypothesised that the maternal cytoplasm of the female 
parent plays a significant role in the transmittance of flupropanate resistance.The 
minor transmission of resistance via pollen observed in all crosses suggests 
transmission also by a component in the pollen grains. 
 
The inheritance of flupropanate resistance in serrated tussock is markedly similar 
to the strong maternal inheritance of resistance in the Group C herbicides (e.g. 
the azines). In all cases, inheritance was mainly (90%) associated with the female 
parent, but with a small percentage of the resistance associated with the male 
parent, especially with triazines in Echinochloa crus-galli (Table 4.4). The source 
of the maternal resistance is normally the chloroplast; whereas the source of 
resistance is carried by pollen is normally the plastid (Darmency and Gasquez 
1981). This is consistent with what is known about the mode of action of triazine, 
which is inhibition of photosystem II electron transfer in the chloroplast (Gysin and 
Knuesli 1960). 
Although the specific mode and sites of action of flupropanate are unknown, the 
strong non-Mendelian maternal inheritance suggests a cytoplasmic origin, most 
likely in the chloroplast or mitochondrion, especially if the pollen can carry 
plastids. Plastids have been recorded in mature pollen grains in grasses (Lolium 
perenne mature pollen grains contain 550-820 amyloplasts)  (Pacini et al. 1992) 
and atrazine resistance has been suggested as being associated with plastids 
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carried by pollen grains (Darmency and Gasquez 1981). It therefore seems 
possible that the inheritance of resistance from the male parent via pollen could 
be due to plastid, mitochondrial or nuclear genes. 
 
 
 
 
 
 
Table 4.4. Comparison of flupropanate resistance and triazines group resistance. 
Herbicide Species % of 
progeny 
matching 
 References 
  Female 
parent 
Male 
parent 
 
Group J     
Flupropanate Nassella 
trichotoma 
83-93 7-17 This thesis 
 
Group C 
 
   
Atrazine Poa annua 99.4 0.6 Darmency and 
Gasquez (1981) 
Atrazine Chenopodium 
album 
100 0 Warwick and 
Black (1980) 
Atrazine Brassica 
campestris 
100 0 Souza Machado 
and Bandeen 
(1982) 
Simazine Senecio 
vulgaris 
98.3 0 Scott and 
Putwain (1983) 
Triazines Echinochloa 
crus-galli 
89.9-98.2 1.8-10.1 Gawronski 
(1985) 
 
The minor variation of resistance observed in the progeny of both the crosses 
suggests a small percentage of transmission via plastids in pollen grains. Testing 
of one concentration would have distinguished different levels of resistance but 
limits by seed availability. Since pollen can also carry plastids and mitochondria, 
this would result in the observed non-Mendelian inheritance characteristics of 
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extra-nuclear inheritance (Singh 1990). To date, the only plant species where the 
plastids are inherited uniparentally through the pollen parent is kiwi (Actinidia 
deliciosa) (Testolin and Cipriani 1997), but inheritance of resistance from the male 
parent has been suggested for other species.  For example, Avni and Edleman 
(1991) have also suggested that a low level of transmission of paternal plastids 
was observed in tentoxin resistance of Nicotiana tabacum. 
 
 
The likely spread of resistance would depend upon the nature of inheritance, 
breeding system, and the amount of gene flow. The maternal nature of the 
inheritance, coupled with the high proportion of self-pollination (Harding 1983) and 
cleistogamy, probably results in rapid establishment of resistant seeds among the 
field population. Personal observations made during the study revealed that 65% 
of the florets in a panicle were chasmogamous and 35% cleistogamous.  Although 
a greater percentage of chasmogamous florets are present in a panicle, only 10-
15% of the florets may bloom and only on sunny days. It was assumed that the 
florets opened or bloomed were considered to be the chasmogamous types. The 
proportion of cleistogamous  and chasmogamous florets is highly correlated with 
environmental parameters, including soil moisture and humidity, before and after 
flowering (Taylor 1987; Brown 1952). In field conditions, less than 1% of the 
florets open in any of the inflorescences, suggesting self-pollination as the 
dominant mode of reproduction in serrated tussock (Harding 1983).  This would 
accelerate the establishment of resistance in a population from an initial mutation. 
 
The migration of pollen grains and seeds carrying resistance will also accelerate 
the rate of spread across the field populations. Studies showed that serrated 
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tussock seeds could travel up to 15 km (Healy 1945) and 20 km (Smee 2006) 
from the point of origin, with the high possibility of seed dispersal even further 
through farm machinery and livestock (Moerkek 2005). The low but persistent 
inheritance of genes through pollen grains (nuclear genes) from the paternal 
parent is also possible in the field. No scientific studies have been carried out to 
date on the movement of pollen grains in serrated tussock, but  pollen grains of 
grass species can travel many kilometres in optimal weather conditions.  Van de 
Water et al. (2007) recorded a maximum gene flow distance of 21 km through 
pollen grains in genetically modified bent grass (Agrostis stonifera). How far pollen 
can travel and still be viable depends, however, on wind current, relative humidity, 
temperature and location of receptive plant species. 
 
The high degree maternal inheritance of resistance, coupled with the high degree 
of self-pollination, is likely to have resulted already in a rapid build-up of a 
flupropanate-resistant seed bank in the field population. Coupled with a low 
persistent transmission of resistance by pollen up to many kilometres away, this 
suggests the likelihood that flupropanate resistance has already escaped from the 
original site to surrounding areas. Chapter 2 discussed the need to alert farmers 
that flupropanate resistance has extended from the original resistance site.  
Farmers need to identify these distant resistant serrated tussock plants and 
destroy them as quickly as possible, otherwise the spread of resistance is 
inevitable. From the farmer’s point of view, it emphasis the necessity of adopting 
integrated management methods that include mechanical and cultural methods to 
manage serrated tussock and reduce the development of herbicide resistance in 
future. 
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Chapter 5 
 
Giant Parramatta Grass (Sporobolus fertilis) resistance to Group J 
herbicides 
 
5.1 Introduction 
Group J herbicides are regarded as posing a low-risk for resistance and are widely 
used in the control of perennial grassy weeds due to their selective nature. 
Flupropanate (2,2,3,3-tetrafluoropropionic acid as sodium salt) and 2, 2-DPA (2,2 
dichloropropionic acid) are the only two herbicides in the Group J herbicide 
classification (chemically alkanoic acids).  The Group J herbicides are believed to 
inhibit fat synthesis (Avcare 2000; Storrie 2007). Flupropanate is a water-soluble 
selective herbicide recommended for the control of many perennial grassy weeds, 
including serrated tussock and GPG (VeeDri (Aust.) Pty Ltd). Flupropanate 
resistance was recently documented in serrated tussock after 15 years of continuous 
use (Noble et al. 2005).  Resistance was also suspected in GPG, a perennial grassy 
weed in a property near Grafton in NSW, where flupropanate had been used for 
about 25 years (Ramasamy et al. 2007a) and this was tested in this chapter. 
 
GPG is an aggressive perennial weed of pastures in south-eastern Australian 
grasslands and is also widely distributed along the coastal regions of NSW and 
Queensland (as stated in Chapter 1). Current chemical control options include 
glyphosate, flupropanate and 2,2 DPA (Betts and Officer 2001). Flupropanate is 
widely regarded as the most selective and effective herbicide in controlling GPG and 
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several other weedy grasses for the last 20 years. Flupropanate has some selectivity 
in native grasses, but it has a slow rate of action (3-6 months) and its residual activity 
excludes it from use with dairy cattle (Betts and Officer 2001) and some other non-
crop situations. Both glyphosate and 2,2-DPA are relatively non-selective and have 
no effect on lactating animals (Natural Resources and Mines 2001), but glyphosate is 
not effective on GPG, leaving flupropanate and 2,2-DPA as the most viable options 
(Betts and Officer 2001).  
 
Both flupropanate and 2,2 DPA are Group J herbicides, which are thought to be at 
low risk of herbicide resistance. As resistance been documented to flupropanate 
(Ramasamy et al. 2007a), 2,2-DPA resistance might be predicted in GPG. Support 
for this prediction was provided when the GPG plants at Grafton, NSW, were also 
suspected of field resistance to 2,2-DPA. This chapter investigates the degree of 
flupropanate and 2,2-DPA resistance in seeds collected from the GPG plants at this 
property in Grafton, NSW. 
 
5.2 Materials and methods 
5.2.1 Flupropanate resistance 
5.2.1.1 Seed source 
Seeds were collected from GPG plants suspected of being resistant to flupropanate 
from a pasture in a property near Grafton in NSW Australia, in 2004. The seeds were 
collected from plants that had received up to four applications of the herbicide 
flupropanate (Taskforce®, VeeDri (Aust.) Pty Ltd, 74.5% flupropanate) between the 
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late 1990s and 2003. These plants were believed to have originated from seed that 
came from a neighbour’s property that had been sprayed with flupropanate up to ten 
times between 1985 and the mid 1990s. Seeds were also collected from two sites 
(Sconbiens and Junction hill) close to the NSW Department of Primary Industries 
(DPI) Research Station at Trenayr north of Grafton, known to contain plants sensitive 
to flupropanate. Seeds of both types were stored in paper bags at ambient 
temperature until use. Hereafter the suspected flupropanate resistant GPG seeds are 
called “Grafton” and the two sensitive seeds were called “Sconbiens” and “Junction 
hill”.  
5.2.1.2 Seedling experiment 
Flupropanate resistance for GPG seeds was tested in glass Petri dishes (9 cm 
diameter) with seed test paper (Whatman No: 182) in a randomized design with four 
replicates per treatment. Simultaneously, Known sensitive seeds also tested as 
control. Herbicide concentrations of 0, 0.0076, 0.0307, 0.1228, 0.4912, 1.964, 7.859 
and 31.48 kg a.i./ha were prepared from Taskforce (75% a.i. flupropanate) and 5 ml 
applied to each Petri-dish. Fifty firm, well-formed GPG seeds were placed in each 
Petri dish with the appropriate herbicide solution and incubated at 220C/150C with a 
12 h photoperiod for 15 days. Shoot length was measured as a measure of 
flupropanate resistance and expressed as % of control (ED50). 
5.2.1.3 Pot trial 
Suspected resistant (Grafton) and sensitive GPG seeds (Sconbiens and Junction hill) 
obtained from NSW were germinated and grown in ‘Jiffy pots’ and the plants were 
potted into 10 cm pots with standard potting mix. After 12 months’ growth, the GPG 
plants were treated in October 2006.  All the potted GPG were maintained in a 
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glasshouse from Oct 2006 to Mar 2007, with a 30/18±50C day/night temperature. The 
plants were treated with flupropanate (Taskforce 745 g a.i/L/ha VeeDri (Aust.) Pty 
Ltd) using a mechanical track sprayer in a spray cabinet with standard flat nozzles 
(SS10002), calibrated to deliver a spray volume of 150 L/ha at 280 kPa. The 
herbicide rates were 1.5, 3, 6 and 9 kg a.i./ha and were chosen to correspond to one, 
two, four and six times the recommended field rate (1.5 kg a.i./ha) of the herbicide. 
All the pots were arranged in a completely randomised design with three replicates 
per treatment. Each pot had a separate tray to collect the leachate and leachates 
were replaced into each pot weekly. Plants and pots were watered every 3 days and 
were randomised fortnightly on the benches. Six months after treatment, the 
numbers of live and dead leaves and plant height per plant were recorded. 
5.2.1.4 Statistical analysis 
Data were analysed using the statistical software Minitab TM (Version 13.20, Minitab 
2004). Data for plant height and proportion of live leaves per plant were tested for 
normality and analysed by two-way ANOVA, where data conformed to normality; 
otherwise data were analysed using the non-parametric Mood’s median test. 
5.2.2 2, 2-DPA resistance 
5.2.2.1 Seed source 
Seeds were collected from the same GPG plants as before, suspected to be resistant 
to 2,2-DPA at the same property near Grafton NSW in 2005. The plants had received 
applications of Propon containing 740 g a.i./kg 2,2-DPA as the sodium salt (Agricrop 
2007) for an unknown number of times at 5-10 kg a.i./ha for GPG control. Seeds 
were also collected from GPG plants maintained in the NSW Department of Primary 
Industries that were known to be sensitive to 2,2-DPA as before. Seeds of both types 
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were stored in paper bags at ambient temperature until use. Hereafter the suspected 
2,2-DPA-resistant GPG seeds and plants are called “Resistant” and the sensitive 
seeds and plants “Sensitive”.  
 
5.2.2.2 Seedling assay 
Seedlings were assayed to determine the response of GPG seedlings to 2,2-DPA. 
Seeds were germinated and seedlings grown in glass Petri dishes (9 cm diameter) 
with seed test paper (Whatman 182) as for flupropanate. Herbicide concentrations of 
0, 1.85, 7.40, 29.6, 118.4, 473.6, 1894.4 and 7577.6 g a.i./kg were prepared from 
Propon and 5 ml of the solution added to each Petri dish. Twenty-five firm seeds of 
each of the respective biotypes were placed in each Petri-dish and incubated at 
22°C/15°C with a 12 h photoperiod for 15 days. After 15 days, shoot length was 
measured as an indicator of 2,2-DPA resistance; shoot length was effective as a tool 
for the identification of resistance in previous studies (Ramasamy et al. 2007a; 
Uludag et al. 2007). Experiments were arranged in a randomized design with four 
replicates per treatment. 
5.2.2.3 Pot-dose study 
Pot trials were carried out in a glasshouse with natural heating and lighting at DPI 
Frankston using plants 8 months old, grown from resistant and sensitive seeds from 
NSW. Plants were treated with 2,2-DPA as Propon (740 g a.i./kg) using a mechanical 
track sprayer in a spray cabinet with standard flat nozzles (SS10002) and a spray 
volume of 150 L/ha at 280 KPa. Herbicide doses of 0, 0.93, 1.85, 3.70, 7.40, 14.80, 
and 29.60 kg a.i./ha, representing a maximum of up to four times the recommended 
field rate (Agricrop 2007), were applied with three replicates per treatment. After 
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spraying, pots were each placed in a small tray for collection of leachate, which was 
replaced into the pots during growth. Control plants were sprayed with water only. 
Plants were watered every 3 days and randomized at fortnightly intervals. 
 
5.2.2.4 Statistical analysis 
Four months after spraying, plants were assessed for resistance by recording the 
number of live and dead leaves and height per plant. Data were analysed by ANOVA 
using the statistical software Minitab (Version 13.20, Minitab 2004) after 
transformation if necessary to achieve normality. 
5.3 Results 
5.3.1 Flupropanate resistance 
5.3.1.1 Flupropanate seedling experiment 
Both the seedling and potted plant assays suggested that GPG plants from the 
property near Grafton were resistant to flupropanate, as they withstood at least three 
times the recommended dose. The effective dose ED50 values for the sensitive GPG 
seedlings were 18 (Sconbiens) and 21 (Junction hill) g a.i./ha, whereas the (ED50) 
value for the suspected resistant seedlings from Grafton was 700 g a.i./ha, indicating 
that the resistant biotype was 39 and 33 times more tolerant than the sensitive 
biotypes (Fig. 5.1). The shortening of shoots was more pronounced as flupropanate 
concentration increased. There was a significant difference in shoot length between 
resistant and sensitive seedlings (ANOVA, F=73.48, p<0.001) and with flupropanate 
concentration (ANOVA, F=110.83, p<0.001) and a significant interaction between 
seedling type and flupropanate concentration (F=6.41, p<0.001).  
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Fig: 5.1 Effect of flupropanate on shoot length of GPG seedlings with increase 
in concentration. (Grafton- filled diamonds, Sconbiens-unfilled squares, 
Junction hill-unfilled triangles). Vertical bars represent 2 x standard error of the 
mean. Horizontal dotted lines=50% of shoot length of flupropanate, Vertical 
lines=ED50 for different populations. 
5.3.1.2 Pot trial 
In potted plants, the proportion of live leaves decreased with increase in dose of 
flupropanate (Fig. 5.2). There were significant differences in the proportion of live 
leaves per plant with plant type (ANOVA, F=26.51, p<0.001) and flupropanate 
concentration (ANOVA, F=53.61, p<0.001) and there was a significant interaction 
between plant type and flupropanate concentration (ANOVA, F=3.81, p<0.001).  The 
ED50 required to reduce 50% of live leaves in sensitive biotypes was 1.0 (Sconbiens) 
and 1.4 (Junction hill) kg a.i./ha, whereas it was 5.0 kg a.i./ha for the resistant plants 
from Grafton, indicating that the resistant biotype was 5 and 3.5 times more tolerant 
than the sensitive biotypes. Flupropanate rates greater than 3.0 kg a.i./ha showed 
phytotoxic results (sensitive biotypes), in which leaves turned yellow after 4 months 
of treatment. 
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There were also significant differences in height with plant type (ANOVA, F=26.51, 
p<0.001) and flupropanate concentration (ANOVA, F=53.61, p<0.001) and there was 
a significant interaction between plant type and flupropanate concentration (ANOVA, 
F=3.81, p<0.003). The reduction in plant height of GPG plants had an ED50 dose of 
800 and 1400 g a.i./kg/ha for the sensitive biotypes (Sconbiens and Junction hill) and 
4200 g a.i./ha for the Grafton plants (resistant) (Fig. 5.3). At 1.5 kg a.i./ha, both the 
sensitive types (Sconbiens and Junction hill) were eventually all killed whereas the 
resistant seed plants (Grafton) were all still alive at 3.0 kg a.i./ha (Figs. 5.4 and 5.5). 
The resistant population required three times the recommended rate of flupropanate 
to achieve adequate control, whereas the susceptible plants were well controlled by 
the recommended rate. 
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Fig: 5.2 Effect of flupropanate on proportion of live leaves in GPG potted plants 
with increase in concentration. (Grafton- filled diamonds, Sconbiens-unfilled 
squares and Junction hill-unfilled triangles). Vertical bars represent 2 x 
standard error of the mean. Horizontal dotted lines=50% of shoot length of 
flupropanate, Vertical lines=ED50 for different populations. 
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Fig: 5.3 Effect of flupropanate on height of GPG plants with increase in 
concentration (Grafton- filled diamonds), (Sconbiens-unfilled squares and 
Junction hill-unfilled triangle), Vertical bars represent 2 x standard error of the 
mean. Horizontal dotted lines=50% of shoot length of flupropanate, Vertical 
lines=ED50 for different populations. 
 
        
 
Fig: 5.4 Effect of flupropanate (1.5 kg a.i./ha) on resistant and sensitive GPG 
plants at six months after treatment with control. 
  Control            Grafton               Sconbien
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Fig: 5.5 Effect of flupropanate (3.0 kg a.i./ha) on resistant and sensitive GPG 
plants at six months after treatment with control. 
 
5.3.2 2, 2-DPA resistance 
5.3.2.1 Seedling assay 
Seedlings from the Sensitive biotype were stunted and darker green than those of 
the resistant biotype. Shoot length declined with increase in herbicide concentration 
in both biotypes (Fig. 5.6). There was a significant difference in shoot length between 
Resistant and Sensitive seedlings (ANOVA, F=146.09, p<0.001) and with 2,2-DPA 
concentration (ANOVA, F=243.3, p<0.001). There was also a significant interaction 
between seedling type and 2,2-DPA concentration (ANOVA, F=12.07, p<0.001), with 
Sensitive seedlings having shorter shoots than Resistant seedlings, but the strength 
of the effect varyied with concentration (Fig. 5.6). The ED50 values for Resistant and 
Sensitive seedlings were 500 and 95 g a.i./kg respectively, indicating that the 
Resistant biotype was five times more tolerant than the Sensitive biotype. 
  Control            Grafton               Sconbiens           Junction hill 
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Fig: 5.6 Effect of 2,2-DPA on shoot growth of Sporobolus fertilis seedlings at 15 
days after treatment. Vertical bars represent 2 x standard error of the mean. 
Horizontal dotted lines=50% of shoot length of 2,2-DPA, Vertical lines=ED50 for 
different populations. 
 
5.3.2.2 Pot-Dose study 
In the pot-dose study, a herbicide effect (leaf death) was first observed after 2 
months of treatment in the Sensitive biotype with doses greater than 1.85 kg a.i./ha. 
At 4 months, the proportion of green leaves in Sensitive plants decreased with 
increase in 2,2-DPA concentration (Fig. 5.7). By contrast, Resistant plants were 
unaffected by as much as 15 kg a.i./ha. There were significant differences in the 
proportion of live:dead leaves with plant biotype (ANOVA, F=291.40, P<0.001) and 
2,2-DPA concentration (ANOVA, F=41.43, P<0.001). There was also a significant 
interaction between plant biotype and 2,2-DPA concentration  (ANOVA, F=19.32, 
P<0.001), with Sensitive plants being more strongly affected than Resistant plants as 
2,2-DPA concentration increased. The ED50 values required to reduce the proportion 
ENSITIVE 
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of live leaves by 50% in the Resistant and Sensitive biotypes were 28 and 1.9 kg 
a.i./ha respectively, indicating that the Resistant biotype was 14 times more tolerant 
than the Sensitive biotype. 
 
A decrease in height was also observed with increase in 2,2-DPA concentration (Fig. 
5.8). At 4 months, there were significant differences in height with plant biotype 
(ANOVA, F=141.19, P<0.001) and 2,2-DPA concentration (ANOVA, F=46.43, 
P<0.001). There was also a significant interaction between plant biotype and 2,2-
DPA concentration (ANOVA, F=8.68, P<0.001), with Sensitive plants being more 
affected by lower doses of 2,2-DPA than Resistant plants. The ED50 values required 
to reduce the height by 50% in the Resistant and Susceptible biotypes were 4 and 
1.5 kg a.i./ha respectively, suggesting that the Resistant biotype was 2.5 times more 
tolerant than the Sensitive biotype. 
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Fig. 5.7 Effect of 2,2-DPA on proportion of green leaves in GPG potted plants 
with increase in concentration. Vertical bars represent 2 x standard error of the 
mean. Horizontal dotted lines=50% of shoot length of 2,2-DPA, Vertical 
lines=ED50 for different populations. 
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Fig. 5.8 Effect of 2,2-DPA on the height of GPG with increase in concentration. 
Vertical bars represent 2 x standard error of the mean. Horizontal dotted 
lines=50% of shoot length of 2,2-DPA, Vertical lines=ED50 for different 
populations. 
 
 
5.4 Discussion 
This study has confirmed that flupropanate and 2,2-DPA resistance exists in Giant 
Parramatta Grass (GPG). Although both of the herbicides are classified in Group J, 
thought to be at low risk of developing herbicide resistance, this report suggests that 
the intense use of even these and other herbicides with similar modes of action can 
select for resistance (Heap 2005).  
 
Resistance to flupropanate has already been documented in serrated tussock (Noble 
et al. 2005), and now the demonstration of flupropanate and 2,2-DPA resistance in 
GPG further demonstrates that, even with low-risk herbicide groups, herbicide 
SENSITIVE 
  127 
resistant populations can and do evolve in the field. The magnitude of the differences 
in herbicide effects between resistant and sensitive biotypes in both cases is 
consistent with the criteria for resistance detection and classification (Heap 2005).  
The survival of resistant plants after more than twice the recommended dose of 
flupropanate suggests that the GPG plants are resistant to the herbicide (Warwick 
1991; Storrie 2007). The seedlings tested for flupropanate resistance were highly 
resistant (39 and 33 times the values for both the sensitive biotypes).  By contrast, 
Noble et al. (2005) observed that the serrated tussock plants resistant to 
flupropanate were only four and eight times more tolerant than the sensitive biotypes 
in potted plants and seedlings respectively. 
 
In case of 2,2-DPA resistance, the resistant GPG plants did not die even at 14 times 
the field recommended rate and resistant seedlings also showed 5-6 times more 
resistance than the sensitive (Susceptible) biotype. Similarly, Perez and Kogan 
(2003) confirmed that a population of Lolium multiflorum resistant to glyphosate 
showed an ED50 of five to six times (seedlings) and two to four times (mature plants) 
the dose of susceptible plants. Morrison et al. (1989) also showed trifluralin-resistant 
Green foxtail (Setaria viridis) survived five times the recommended rate of sensitive 
plants.  
 
The greater effect on leaf death than plant height is consistent with the browning 
seen in the field after herbicide application. It is believed that flupropanate and 2,2-
DPA act on fat (lipid) synthesis but at this stage the resistance mechanism is 
unknown. There was a discrepancy between estimates of resistance from the leaf 
and height parameters (3-5 for both for flupropanate but 14 and 2.5 times 
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respectively for 2,2-DPA); the resistance estimate from the live:dead leaves ratio is 
more accurate, since total plant height rather than height increment was measured. 
The dose-response studies confirmed cross resistance in GPG, with ED50 values of 
resistant to sensitive plants being two and 14 times for flupropanate and 2,2-DPA 
respectively.
 
This also meets the definition of cross-resistance. Cross-resistance has 
been defined as the ability of a weed species to survive one or more herbicides in 
similar chemical groups (Jutsum and Graham 1995; Storrie 2007). This is the first 
suggestion of cross-resistance documented in GPG to both the Group J herbicides 
(flupropanate and 2,2-DPA) in Australia.  
 
Examples of cross-resistance are more common in other herbicide groups.  Cross-
resistance is commonly observed in Group A (fops and dims) and B herbicides 
(Storrie 2007), because they act on target-sites and are high risk for resistance 
(Preston et al. 1999). For example, Kuk and Burgos (2007) reported cross-resistance 
in Italian ryegrass (Lolium multiflorum) to mesosulfuron-methyl, chlorsulfuron, 
sulfometuron and imazamox herbicides, which are all in Group B (ALS -acetolactate 
synthase inhibitors) and Burke et al. (2006) showed cross-resistance in a 
Johnsongrass (Sorghum halepense) population to the Group A aryloxyphenoxy-
propionate (AOPP) (fluzifop-P-butyl) and cyclohexanedione (CHD) herbicides 
(clethodium and sethoxydim).  But the observation of cross-resistance in a low-risk 
herbicide group (J) makes it arguable that flupropanate and 2,2-DPA may act on 
similar target sites, which is believed to be fat synthesis (Avcare 2000).  
 
The availability of only a few herbicides for weed control in pastures has led to their 
repeated use over time. The repeated application and continuous usage of similar 
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herbicide group results in a genetic change in the weed population, which becomes 
better adapted to the intense pressure of herbicides. Based on the available 
information supplied by the property managers, it was estimated that the GPG plants 
had received 10-15 applications of flupropanate over 10-15 years before selection for 
resistance. This was consistent with the development of flupropanate resistance in 
serrated tussock, with 15-20 years of continuous use (Noble et al. 2005; McLaren et 
al. 2008).  Powles et al. (1998) reported that annual ryegrass has evolved resistance 
to glyphosate, in a dissimilar group and mode of action herbicide (Group M), but also 
believed to be at low risk for resistance, after a similar time - 15 years of application.  
Lack of information on the herbicide usage of 2,2-DPA on GPG plants makes difficult 
to estimate the time required for resistance development. However, the 
demonstration of resistance supports the premise that heavy reliance and continuous 
use of herbicides with similar modes of action will probably result in resistance (Heap 
2005). 
 
With its enormous seed production (150,000 seeds/m2 and high seed viability (90-
100%) (Andrews et al. 1996)), GPG can rapidly build up in the soil seed bank. Seeds 
of GPG are easily dispersed as contaminants in pasture seeds and hay, through 
irrigation channels, and on livestock and farm machinery (Natural Resources and 
Mines 2001). The ready migration of seeds from resistant plants provides a source 
for spread and establishment of resistance genes in the population, although the 
seed bank is long-lived (10 years, Natural Resources and Mines 2001) and this is 
likely to delay the development of widespread resistance (Jasieniuk et al. 1996). 
Pollen grains from resistant plants may also act as a source of resistance genes, but 
so far there is no information on the heritability of the resistance. In addition, a 
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national survey of land managers affected by weedy Sporobolus species should be 
undertaken to raise awareness of resistance and to capture information on 
distribution of resistance, herbicide usage, and the costs associated with control of 
weedy Sporobolus species, as has been undertaken for serrated tussock (McLaren 
et al. 2006). 
 
This report of flupropanate and 2,2-DPA resistance in GPG is of great concern to the 
pastoral farmers in South-east Australia. Although control of resistant biotypes 
involves an extra cost, farmers need to identify and kill the resistant GPG plants 
without delay, otherwise the spread of resistant biotypes becomes inevitable. This 
evolution of resistance restricts the use of flupropanate and 2,2-DPA and also leaves 
farmers with reduced control options. Hence growers need to employ integrated 
management strategies (Croplife Australia 2007) to avoid the risk of resistance to 
these herbicides in future and to combat it when it arises. 
 
Evolution of resistance to both these herbicides gives farmers a limited choice for 
GPG management; one of the attractive options would be to find a biocontrol agent. 
During the glasshouse trials at RMIT in 2005, GPG plants exhibited symptoms 
suggesting pathogen infection, including stunted growth, yellowing of leaves and rot 
of tillers. Similar symptoms were simultaneously reported in the field near Grafton in 
northern NSW (Officer 2006) which led to a study of the impact of the pathogen on 
GPG and its evaluation as a potential management option, which is detailed in 
Chapter 6. 
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Chapter 6 
Biological Control of GPG (Sporobolus fertilis) using Nigrospora  
oryzae 
6.1 Introduction 
GPG is a common infestation in poorly controlled areas such as recreational lands, 
parks and roadsides. GPG has spread widely along the coastal areas of NSW and 
Queensland. It out-competes the other pastoral grasses and decreases pasture 
production. GPG has been declared as a category W2 weed under the Noxious 
Weeds Act 1993 of NSW and a Class 2 Regionally prohibited weed under the 
Queensland’s Land Protection (Pest and Stock Route Management) Act 2002.  Its 
potential distribution is estimated at 23.7 million ha in Australia (McLaren, pers. 
comm.) and its cost to beef production has been estimated at $60 million annually 
(Natural Resources and Mines 2001). 
 
There are only limited control measures, including spot spraying and wick wiping of 
glyphosate in isolated infections and by broad acre spraying using glyphosate, or the 
selective and preferred options of flupropanate (2,2,4-tetrafluropropionic acid) or 2,2-
DPA (2,2-dichloropropanoic acid), (Betts and Officer 2001). The regular use of 
herbicides is neither economical nor eco-friendly. The documentation of flupropanate 
and 2,2-DPA resistance in GPG plants (Chapter 5) complicates the use of both these 
herbicides as chemical controls. On the other hand, mechanical controls are not cost-
effective in GPG management. Biological control is a potential option to fill the gap in 
the absence of other control strategies and has advantages like decreased pollution 
and being environmentally safe. 
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6.1.1 Biological control 
Biological control is a method of control designed to suppress the growth and 
reproduction of weeds, which enables the other pasture species to compete with the 
weed plants (Brown and Ogle 1997). Fungi and insects are the most important plant 
pests, with some of the fungi being well known as causal agents for disease 
epidemics around the world (Gaur and Wratten 2000). Plant pathogens play an 
important role in the reduction of weeds in natural ecosystems; they are also more 
advantageous than the chemical method of control because of lack of residual 
toxicity, soil and water pollution and by being specific to particular weeds (Auld 
1991). On the other hand, some of the common disadvantages include the greater 
cost and time involved to achieve effective control and also that total eradication will 
not be achieved (Wapshere et al. 1989). Biological control can be broadly classified 
into classical and inundative (augmentative) methods, which are the two common 
methods widely practised in weed management systems.  
6.1.1.1 Classical biological control 
Classical biological control is searching and identifying a host specific fungus from 
the original distribution of a weed and investigating its effectiveness on the weed that 
requires control (Charudattan and Dinoor 2000). Adapting classical bio-control to 
continuous cropping is difficult, due to the slow action of fungal agents and the 
season-based cropping pattern (Charudattan 2005; Charudattan and Dinoor 2000). 
Some of the major and successful agents in classical biological control of weeds are 
a rust fungus (Puccinia chondrillina) to control skeleton weed (Chondrilla juncea) in 
Australia (Supkoff et al. 1988), a smut fungus (Entylome agratinle) to control 
Hamakua pamakani (Ageratina riparia) in the Hawaiian Islands (Trijilloo 1985), and 
another rust fungus (Puccinia carduorum) in the northern United States to control 
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musk thistle (Carduus thoermeri) (Baudain et al. 1993). Some of the common 
advantages in using classical biocontrol methods are self-perpetuation and 
establishment of the agents as well as reduced annual cost, On the other hand, 
disadvantages are that a large initial cost is required to find an agent and set up 
extensive host-specificity tests, and a large initial level of inoculum is required to 
create an impact on the target species. 
6.1.1.2 Inundative biological control 
The inundative method of biocontrol is similar to the classical control method, where 
the pathogen of native origin shows an impact on and specificity to a weed but does 
not kill completely, due to lesser efficacy. Improved efficacy and effective control can 
be obtained by mass production and treatment of weeds with large amounts of 
inocula (Brown and Ogle 1997). Inundative methods are sometimes called 
bioherbicides (mycoherbicides if fungi are used).  This method of control involves the 
mass production of spores in a laboratory and their appllication on the targeted weed 
(Stewart-Wade 1995). 
 
Mycoherbicides are considered as a control measure for many of the invasive grassy 
weed species around the world. Charudattan and Dinor (2000) defined a bioherbicide 
as a plant pathogen “used as a weed control agent through inundative and repeated 
applications of its inoculum”. Fungi are among the most important pathogens of 
plants, and pathogenic fungi of insects have long been of interest because of their 
unique mode of action and their ability to create a disease outbreak (Charudattan 
2001).  Several mycoherbicides have been used for the control of pasture and 
wetland weeds, where chemical controls are illegal.  These include the fungi 
Phomopsis emicis to control spiny emex (Emex australis), Exserohilum monoceras to 
  
134 
control Echinochloa spp. and Epicoccum nematosorus to control Eleocharis 
koruguwai. Some of the common advantages of inundative methods over the 
classical method are reduced time to develop the product, high specificity and 
greater chances of commercial development (Boyette et al. 1979). 
 
Fungi have been the predominant inundative biological control agents since the early 
1960s because they are easier to identify than other agents such as insects and 
most are common plant pathogens that are mass-produced under controlled 
conditions (Baker and Cook 1974). Many fungi are widely used as biocontrol agents 
for the control of weeds (Ding 1995) (Table 6.1). Fusarium is widely used in the 
control of Striga spp,. a parasitic weed of wheat. The Fusarium strain is highly host-
specific and can survive in the soil for years and so is well suited as a mycoherbicide 
(Boyette et al. 1993). Most of the Fusarium strains used are highly pathogenic and 
affect the weed at various growth stages, including seeds, and cause wilt disease in 
plants (Kroschel et al. 1996). 
 
Rust fungi are also widely used as biocontrol agents in the control of weeds (Table 
6.1). The spores of rust are air-borne, which enables them to travel great distances 
and cause foliar infections in plants. Bacterial pathogens, especially Xanthomonas 
campestris and Pseudomonas syringae, are also used as bio-herbicidal agents, in 
the control of various weed species (Table 6.1). 
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Table 6.1. List of fungal  and Bacterial species used as biological control 
agents in weeds 
 
 
Fungus species Weed controlled References 
Fusarium  
nygamai 
Striga hermonthica Abbasher and Sauerborn 
(1992) 
Fusarium 
oxysporum 
Striga hermonthica Kroschel et al. (1996) 
Fusarium sp. Alligator weed  
(Alternanthera philoxeroides) 
Tan et al. (2002) 
Fusarium 
oxysporum 
Striga hermonthica Marley and Shebayan 
(2005) 
Puccinia 
chondrillina 
Skeleton weed  
(Chondrilla juncea) 
Cullen et al. (1973) 
Puccinia 
chondrillina 
European blackberry  
(Rubus fruticosus) 
Bruzzese and Hasan 
(1986) 
Puccinia 
carduorum 
Musk thistle  
(Carduus thoermeri) 
Baudoin et al. (1993) 
Puccinia 
punctiformis 
Canadian thistle  
(Convolvulus arvense) 
Thomas et al. (1994) 
Myrothecium 
verrucaria 
Kudzu  
(Pueraria lobata) 
Boyette et al. (2002) 
Myrothecium 
verrucaria 
Old world climbing fern (Lygodium 
microphyllum) 
Clarke et al. (2007) 
Myrothecium 
verrucaria 
Purslane sp. Boyette et al. (2007) 
Alternaria alternata Water hyacinth  
(Eichhornia crassipes) 
Babu et al. (2002) 
Ulocladium botrytis Orobanche spp. Muller-Stover and 
Kroschel (2005) 
Corynespora 
cassiicola 
Lantana camara Pereira et al. (2003) 
Nimbya 
alternantherae 
Alligator weed  
(Alternanthera philoxeroides) 
Pomella et al. (2007) 
Drechslera sp. Bromus spp. Lawrie et al. (1998) 
Stagonospora sp. Field bind weed  
(Convovulus arvensis) 
Pfirter and Defago (1988) 
Xanthomonas 
campestris 
Annual bluegrass  
(Poa annua) 
Imaizumi et al. (1997) 
Xanthomonas 
campestris 
Annual bluegrass  
(Poa annua) 
Roberts et al. (1985) 
Pseudomonas 
syringae 
Helianthus tuberosus 
Ambrosia artemisiifolia 
Johnson et al. (1996) 
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Although many fungal plant pathogens are potential agents in the management of 
various weed species (Pereira et al. 2003; Imaizumi et al. 1997; Yandoc et al. 2005), 
no pathogen has been recorded as an effective agent to control GPG. In a search for 
potential biocontrol agents, Witt and McConnachie (2003) found 23 pathogens, 
including Nigrospora sphaerica, in weedy Sporobolus species in South Africa, but did 
not describe the symptoms and no further work has been reported. William A. Palmer 
(pers. comm.) has, however, recently conducted a survey in South Africa for 
biological control agents for weedy Sporobolus species. Although 23 pathogens and 
70 arthropods were found on Sporobolus spp., none was either destructive or 
selective enough to warrant further development as a classical biological control 
agent. 
 
Symptoms suggesting pathogen infection, including stunted growth, yellowing of 
leaves and rot of tillers were observed in potted plants of GPG in a glasshouse at 
RMIT in 2005.  Similar symptoms were simultaneously reported in the field near 
Grafton in northern NSW (Officer 2006).  Nigrospora oryzae (Berk. & Broome) Petch 
(synonym Khuskia oryzae Huds.) was isolated from plants at both sites, suggesting 
that the symptoms were due to this fungus.  N. oryzae has been identified as a fungal 
disease in rice (Oryza sativa) (Kar 1966; Gangulee and Kar 1989) and is a weak 
pathogen on a wide range of plants (Widmer et al. 2006).  N. oryzae also causes 
foliar and cane rot in Arundo donax, a serious environmental weed of riparian 
habitats in North America (Widmer et al. 2006).  Taxonomically, A. donax comes from 
the Arundinoideae, the most closely related subfamily in the Poaceae to the 
Chloridoideae, which includes the weedy Sporobolus species (Grass Phylogeny 
Working Group 2001).  This suggests that N. oryzae is a potential biocontrol fungus 
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for GPG and, like the strain on Arundo donax, may be specifically virulent on GPG. 
This chapter confirms the identity of this pathogen and documents its impacts in both 
seedling and whole-plant glasshouse pot trials and discusses its potential as a 
biological control agent. 
6.2 Materials and Methods 
6.2.1 Origin and Identification of the fungus 
A N. oryzae culture was isolated from infected glasshouse-grown GPG plants that 
had been grown from seed collected from Tabulam on the northern coastal region of 
NSW during 2005. GPG was later reported as being diseased in this region (Officer 
2006). During growth in the glasshouse at RMIT University, plants developed stunted 
growth, yellowing of leaves and rot of tillers. To determine the causal organism for 
the symptoms, infected samples (roots, stem and leaf) were collected, surface-
sterilised with 0.1% NaOCl for 2 min, rinsed three times with sterile water and plated 
out on plates of V8 vegetable juice agar (V8 juice 200 ml, CaCO3  2 g, agar 20 g, pH 
6-6.5) in the dark at 24°C for 14 days.  The fungus was identified as N. oryzae (Berk 
& Broome) Petch on the basis of its morphological characteristics (Ellis 1971). The 
taxonomy is accordingly to the Index Fungorum 
(http://www.indexfungorum.org/Names/Names.asp). 
6.2.2 DNA extraction and PCR amplification of ITS region 
The identity of the isolates was confirmed using molecular methods. DNA was 
extracted from a 14-day-old culture grown in liquid V8 medium at 240C, using a 
Qiagen DNeasy kit according to the manufacturer’s instructions. The DNA was 
amplified by PCR (polymerase chain reaction) using primers ITS1 and ITS4 to the 
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ITS (internal transcribed spacer) region of nuclear ribosomal DNA (White et al. 1990). 
PCR reactions contained 10.5 µL nuclease-free water (Promega), 0.5 µL of ITS1, 0.5 
µL of ITS4, 12.5 µL (GoTaq green master mix, Promega) and 1 µL of extracted DNA 
of in a total volume of 25 µL. PCR reactions were performed as follows in a GenAmp 
2400 thermocycler (PerkinElmer, CA): 3 min  initial denaturation at 940C, followed by 
35 cycles of: 30 s denaturation at 940C, 30 s annealing at 500C and 2 min extension 
at 720C, following by a final extension of 10 min at 720C. The PCR product was 
electrophoresed on a 1.4% agarose gel in TBE (54 g Tris-base , 27.5 g boric acid, 20 
ml of 0.5 M EDTA, pH 8.0), for 60 min  at 120 V in Biorad electrophoresis apparatus 
and visualized by staining with 0.5 µg/mL ethidium bromide, destaining and recording 
images with a Gel-doc 2000 imaging system (Biorad).  
6.2.3 Sequencing 
The ITS product of ~600 bp was purified by gel extraction according to the 
manufacturer’s instructions (Qiagen Qiaquick Kit).  The purified product was 
sequenced in both directions using either the ITS1 or the ITS4 primer and BigDye 
Terminator Mix ver. 3.1 (Applied Biosystems, CA) according to the manufacturer’s 
instructions.  Reaction products were purified using ethanol precipitation according to 
the manufacturer’s instructions and purified DNA was sent to Micromon 
(http://www.micromon.monash.org/) (Monash University, Clayton, Vic) for analysis. 
The sequences and chromatograms were viewed using programs downloaded from 
Applied Biosystems and forward and reverse sequences were compared and 
corrected for conformity, although both sequences were clear.   
 
The corrected sequences were queried against the non-redundant nucleotide 
database in Genbank using the BLASTn program (Altschul et al. 1997) on NCBI 
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(National Center for Biotechnology Information) (http://www.ncbi.nlm.nih.gov/).  
Corrected sequences were uploaded into Biomanager at the Australian National 
Genomic Informatics Services (ANGIS) (http://www.biomanager.angis.org.au/).  To 
search for sequences, the program Blastn (Altschul et al. 1997) was used to find the 
closest match for each in GenBank.  The closest ten sequences were downloaded 
and aligned with the original sequences using Clustal W (Thompson et al. 1994) and 
edited using JALview on Biomanager so that all were the same length.  The edited 
sequences were compared using maximum parsimony in the program DNApars 
(Felsenstein 1989) in Phylip (http://evolution.genetics.washington.edu/phylip.html) 
and the results were displayed as a bootstrapped (1000 bootstraps) phylogenetic 
tree in Mega 4 (Tamura et al. 2007a) (http://www.kumarlab.net/publications). 
6.2.4 Preparation of media and fungal inoculum 
Fresh fungal conidia were prepared by growing N. oryzae cultures on 90 mm Petri 
plates with V8 vegetable juice agar at 240 C for 14 days with a 12 h photoperiod 
supplied by Osram Warm White lights. Conidial suspensions were produced by 
scraping the surface of the fungal cultures with a spatula moistened in sterile 0.1% 
Tween 20 and the conidial concentration was adjusted to 106/ml with the aid of a 
haemocytometer (Stewart-Wade et al. 1998).  
Following inoculation trials for seedlings and potted plants (see below), symptomatic 
tissue was surface-sterilised, rinsed with sterile water and plated out as for initial 
isolation. The fungal growth was identified morphologically as N. oryzae, confirming 
Koch’s postulates. 
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6.2.5 Petri plate method for seedling trials 
GPG seeds were surface-sterilised using 1% sodium hypochlorite (NaOCl) for 3 min, 
followed by three washes with sterile distilled water, and dried in a laminar flow 
cabinet at room temperature using sterile paper towels.  Seeds were germinated in 
sterile glass Petri dishes (9 cm diameter) lined with sterile seed test paper (Whatman 
No: 182) moistened with sterile water.  Each Petri dish contained 10 healthy 3-week-
old seedlings prior to inoculation with conidial suspensions. There were three 
treatments (run-off, crown, and spray) and three replicate plates for each treatment; 
there was also a control (0.1% Tween 20 alone) for each treatment. For the crown 
application, a syringe was used to inject 1 ml (106  spores/ml) of spore suspension 
into the crown of each seedling.  For the run-off treatment, a hand-operated sterile 
“perfume” dispenser was loaded with 1 ml of spore suspension and sprayed until fully 
wetted, while for the spray treatment, only 1 ml of spore suspension was applied to 
the individual seedling in the same way.  In control treatments, the same techniques 
were used but only 0.1% Tween 20 was applied instead of the conidial suspensions.  
All Petri dishes were incubated at 250C (12 h light/dark) for 3 weeks.  Seedlings were 
irrigated on alternate days using sterile distilled water and Petri dish locations were 
randomised at weekly intervals.  The pathogenicity of the fungus was assessed by 
recording the number of chlorotic and healthy leaves per seedling at 3 weeks. 
6.2.6 Potted plant trials 
Mature healthy GPG plants collected from the Grafton region of NSW were potted 
into 10 cm pots with standard potting mix and the plants left to establish for 3-4 
weeks in a glasshouse at the Department of Primary Industries, Frankston, Victoria, 
with a temperature of 28-30/20-25oC day/night and a relative humidity (RH) of 60-
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80%.  Inoculation trials were conducted during September 2006 to April 2007.  Plants 
of uniform size were selected and dead leaves removed.The potted GPG plants were 
inoculated by three different methods (run-off, crown, and spray) as followed in the 
GPG seedling trial. Plants were inoculated with a conidial suspension of 1x106 ml-1 N. 
oryzae spores in 0.1% Tween 20 ml-1 prepared as described previously, as 
documented in other fungal biocontrol studies (Pereira et al. 2003 ; Yandoc et al. 
2005; Kolomiets et al. 2007). The three treatments (run-off, crown, and spray) 
comprised ten replicates each and the control plants were inoculated with 0.1% 
Tween 20 alone. Inoculated plants were covered with clear polyethylene bags and 
maintained at about 100% relative humidity for 48 h (Fig. 6.1). Treated and control 
GPG plants were maintained in a glasshouse under controlled conditions (15-25°C 
with natural daylight). Pots for all three treatments were arranged in a completely 
randomised design with ten replicates per treatment. Pots were re-randomised at 
fortnightly intervals and plants were watered every three days using the drip method 
of irrigation. Plants were assessed for numbers of live and dead leaves and height 
per plant after 7 months. 
 
Figure 6.1: GPG plants inoculated with Nigrospora oryzae spores covered with 
polyethylene bags for 48 hours to maintain 100% relative humidity.  
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6.2.7 Statistical analysis 
Data were analysed using the statistical program Minitab TM (Version 13.20, Minitab 
2004).  Parametric statistics were used when data conformed to normality; otherwise 
data were analysed using non-parametric statistics.  Seedling data did not conform to 
normality and were analysed by the Mood median test.  For pot trials, data for plant 
height and proportion of live leaves per plant were analysed by one-way ANOVA. 
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6.3 Results 
6.3.1 Morphological identification of fungus 
Fungal isolates from both the glasshouse and field plants with disease symptoms 
produced a light grey to black mycelium with black unicellular conidia borne on short 
conidiophores at right angles to the vegetative hyphae, as described for the species 
(Paul 1982).  Conidia were single, smooth, broadly ellipsoidal, dark brown to black, 
single-celled, and 11-16 µm diameter (Ellis 1971) (Fig. 6.2).  The isolates were 
identified morphologically as N. oryzae on the basis of spore shape, size and 
conidiophore morphology (Hudson 1963; Barnett and Hunter 1998). 
 
 
Figure 6.2: Black conidia of Nigrospora oryzae borne on short conidiophores. 
6.3.2 Molecular identification and phylogenetic analysis of fungus 
DNA from all isolates produced a band of about 600 bp. Both sequences were clear 
and no correction was needed.  All sequences from the isolates were identical and so 
only one is shown further (Fig. 6.3).  The sequence showed the longest match in 
GenBank (Score 833.0, E value 0.0) to a sequence from N. oryzae isolated from A. 
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donax (Accession no. DQ219433).  Other isolates with long matches were AF413049 
(Fungal endophyte), AB255262 (Xylariales sp.), AF413047 (Fungal endophyte), 
EF564154 (Apiosporaceae), EF127875 (Fungal sp.), DQ993637 (Fusarium sp.), 
AF413048 (Fungal endophyte) and DQ993641 (Ascomycetes sp.).  When sequences 
were trimmed and compared for genetic distance (Fig. 6.4),  the closest matches 
were less than 98% identical to those with the closest homology, DQ993637 and 
EF564154 (both marine fungi) and AB255262 (an endophyte of bamboo).  A 
neighbour-joining tree (Fig. 6.5) with the longest matches from the Blastn search 
showed that the GPG isolates were broadly but not closely related to other isolates of 
N. oryzae on the databases.   In particular, they were only 96% homologous with and 
so relatively distantly related to the isolate (DQ219433) from A. donax.  Several of 
the closest matches were described as endophytes from a variety of plants:  
bamboo, A. donax, Miscanthus, Dactylis (all grasses), Alstroemeria (all 
monocotyledons), Garcinia sp. and Centaurea stoebe (dicotyledons).  
 
        1 TTTAGAGGAA GTAAAAGTCG TAACAAGGTC TCCGTTGGTG AACCAGCGGA GGGATCATTA 
       61 CAGAGTTATC CAACTCCCAA ACCCATGTGA ACTTATCTCT TTGTTGCCTC GGCGCAAGCT 
      121 ACCCGGGACC TCGCGCCCCG GGCGGCCCGC CGGCGGACAA ACCAAAACTC TTGTTATCTT 
      181 AGTTGATTAT CTGAGTGTCT TATTTAATAA GTCAAAACTT TCAACAACGG ATCTCTTGGT 
      241 TCTGGCATCG ATGAAGAACG CAGCGAAATG CGATAAGTAA TGTGAATTGC AGAATTCAGT 
      301 GAATCATCGA ATCTTTGAAC GCACATTGCG CCCATTAGTA TTCTAGTGGG CATGCCTGTT 
      361 CGAGCGTCAT TTCAACCCCT AAGCACAGCT TATTGTTGGG AACCTACGGC TTCGTAGTTC 
      421 CTCAAAGACA TTGGCGGAGT GGCAGTGGTC CTCTGAGCGT AGTAATCTTT TTTCTCGCTT 
      481 CTGTTAGGTG CTGCCCCCCC GGCCGTAAAA CCCCCAATTT TTTCTGGTTG ACCTCGGATC 
      541 AGGTAGGAAT ACCCGCTGAA CTTAAGCATA TCAATAA 
 
Figure 6.3: Sequence of ITS product of Nigrospora oryzae isolated from GPG 
(Sporobolus fertilis) plants in RMIT glasshouse. 
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 AF413047 AF413048 AF413049 DQ480361 NIGSEQ.TXT EF564154 AB255262 AM262341 AB255248 AB255238 EF127875 DQ993641 DQ219433 EF589888 AJ222809 AJ289870 EU196745 DQ993637   
AF413047 0.0                  AF413047 
AF413048 0.0 0.0                 AF413048 
AF413049 0.0 0.0 0.0                AF413049 
DQ480361 0.0207 0.0207 0.0206 0.0               DQ480361 
NIGSEQ.TXT 0.0326 0.0326 0.0324 0.0395 0.0              NIGSEQ.TXT 
EF564154 0.0231 0.0231 0.0229 0.0229 0.0253 0.0             EF564154 
AB255262 0.0208 0.0208 0.0207 0.0323 0.0275 0.0183 0.0            AB255262 
AM262341 0.0281 0.0281 0.028 0.0399 0.0348 0.0255 0.0068 0.0           AM262341 
AB255248 0.0502 0.0502 0.05 0.0647 0.0549 0.0547 0.0497 0.0577 0.0          AB255248 
AB255238 0.0551 0.0551 0.0549 0.0697 0.0598 0.0595 0.0546 0.0627 0.0023 0.0         AB255238 
EF127875 0.0023 0.0023 0.0023 0.0183 0.0348 0.0206 0.0183 0.0256 0.0524 0.0573 0.0        EF127875 
DQ993641 0.0 0.0 0.0 0.0205 0.0324 0.0229 0.0206 0.0279 0.0499 0.0547 0.0022 0.0       DQ993641 
DQ219433 0.0471 0.0471 0.0469 0.0445 0.0416 0.0348 0.0322 0.0397 0.0623 0.0672 0.0445 0.0468 0.0      DQ219433 
EF589888 0.0471 0.0471 0.0469 0.0445 0.0416 0.0348 0.0322 0.0397 0.0623 0.0672 0.0445 0.0468 0.0 0.0     EF589888 
AJ222809 0.0425 0.0425 0.0423 0.0398 0.037 0.0302 0.0276 0.035 0.0575 0.0624 0.0399 0.0422 0.0045 0.0045 0.0    AJ222809 
AJ289870 0.0385 0.0385 0.0383 0.0359 0.0355 0.0285 0.0259 0.0335 0.0564 0.0589 0.0359 0.0383 0.0046 0.0046 0.0 0.0   AJ289870 
EU196745 0.0448 0.0448 0.0446 0.0469 0.0393 0.0325 0.0299 0.0373 0.0625 0.0674 0.0422 0.0445 0.0135 0.0135 0.009 0.0093 0.0  EU196745 
DQ993637 0.0184 0.0184 0.0183 0.0206 0.0229 0.016 0.0182 0.0254 0.0575 0.0624 0.016 0.0183 0.0323 0.0323 0.0277 0.0235 0.0299 0.0 DQ993637 
  AF413047 AF413048 AF413049 DQ480361 NIGSEQ.TXT EF564154 AB255262 AM262341 AB255248 AB255238 EF127875 DQ993641 DQ219433 EF589888 AJ222809 AJ289870 EU196745 DQ993637   
 
Figure 6.4: Distance matrix showing trimmed N. oryzae isolate sequence (NIGSEQ.TXT) and closest Blastn matches.  A value of 
0.0 means the two sequences compared are identical;  a value of 0.005 means they are 99.5% identical. 
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Figure 6.5: Relationships of sequences of Nigrospora oryzae isolates from 
GPG to 17 closest matches from Blastn searches in GenBank.  
 
The evolutionary history was inferred using the Maximum Parsimony (MP) method 
(Eck and Dayhoff 1966). Tree 1 out of 25 most parsimonious trees (length = 61) is 
shown. The consistency index is (0.739130), the retention index is (0.883495), and 
the composite index is 0.709693 (0.653018) for all sites and parsimony-informative 
sites (in parentheses). The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (1000 replicates) is shown next to the 
branches (Felsenstein 1985). The MP tree was obtained using the Close-Neighbor-
Interchange algorithm (Nie and Kumar 2000) with search level 3 (Felsenstein 1985; 
Nei and Kumar 2000) in which the initial trees were obtained with the random  
 AF413047 fungal endophyte MS6 IS2-1 
 DQ993641 ascomycete sp. CCN8 
 AF413048 fungal endophyte MS6 IS3-1 
 AF413049 fungal endophyte MS6 
 EF127875 fungal sp. 13206 
 DQ480361 ascomycete sp. NR-2006-N24 
 AB255262 Xylariales sp. JP49 
 AM262341 Nigrospora sp. SS-186 
 EF564154 Apiosporaceae sp. F5 
 DQ993637 Fusarium sp. 
 EU196745 Nigrospora oryzae 
 AJ289870 Fusarium sp. Chiang 2573 
 AJ222809 Fusarium sp. 02 
 DQ219433 Nigrospora oryzae 
 EF589888 Nigrospora sp.CID200 
 NIGSEQ.TXT 
 AB255248 Xylariales sp. JP15 
 AB255238 Fungal endophyte sp. JP2 
 AM261761 Fusarium oxysporum 
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addition of sequences (10 replicates). All positions containing gaps and missing data 
were eliminated from the dataset (Complete Deletion option). There was a total of 
414 positions in the final dataset, out of which 29 were parsimony-informative. 
Phylogenetic analyses were conducted in MEGA4 (Tamura et al. 2007b) with 1000 
bootstraps.  The outgroup (AM261761) is Fusarium oxysporum (Shanmugam et al. 
2007). 
6.3.3 Pathogenicity in GPG seedlings 
In seedlings, the first symptoms were noticed 15 days after inoculation, with browning 
of leaves followed by stunting, necrosis and death of seedlings (Fig. 6.6).  There was 
a significant difference between treatments and controls in the proportion of necrotic 
leaves per seedling (Mood median test, chi-square = 180.00, p<0.001). The 
proportion of necrotic leaves in inoculated seedlings was greater than that in the 
control in all three inoculation treatments (Fig. 6.7). None of the control GPG 
seedlings was affected except for the untreated control seedlings of crown treatment, 
where a minor percentage of basal leaves exhibited naturally senescent symptoms.  
All symptomatic tissue grew only N. oryzae. 
 
Figure 6.6: GPG seedlings 25 days after crown inoculation (left) (106 conidia/ml 
Nigrospora oryzae spores in 0.1% Tween 20) and control (0.1% Tween 20 alone) 
(right). 
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Figure 6.7: Effect of Nigrospora oryzae on proportion of necrotic leaves in GPG 
seedlings 25 days after inoculation with 106 conidia/ml. Bars = 2 x standard 
error. 
6.3.4 Pathogenicity in potted GPG plants 
In potted GPG plants, necrotic streaks and marginal chlorosis appeared 90 days after 
inoculation and in severe cases the entire plant became chlorotic and necrotic.  The 
tips and edges of infected leaves wilted and severe infection resulted in complete 
yellowing of leaves and tillers (Fig. 6.8).   All three inoculation treatments reduced the 
proportion of live leaves compared with the control (ANOVA, F= 1299.79, P<0.001).  
The run-off and crown treatments had 50% more dead leaves than the spray 
treatment (Fig. 6.9). There was also a significant reduction in height with inoculation 
compared with the control (ANOVA, F= 216.57, P<0.001) (Fig. 6.10), but significant 
variation in height only occurred between the spray treatments and the others. Only 
N. oryzae was isolated from symptomatic tissue. 
 
 
 
Runoff               Crown                Spray3 
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Figure 6.8: GPG potted plants 7 months after application of 106 conidia/ml 
Nigrospora oryzae spores in 0.1% Tween 20 (left three pots) and control (0.1% 
Tween 20 alone) (right three pots).  Treatments are (left to right): Run-off, 
Crown, Leaves. 
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Figure 6.9: Effect of Nigrospora oryzae on proportion of live leaves in GPG 
potted plants 7 months after inoculation with 106 conidia/ml. Bars = 2 x 
standard error. 
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Figure 6.10: Effect of Nigrospora oryzae on height in GPG potted plants 7 
months after inoculation with 106 conidia/ml. Bars = 2 x standard error. 
 
6.4 Discussion 
This is the first report of N. oryzae evaluated as a potential biological control agent 
for GPG in Australia. Results from both the seedling and potted plant trials indicated 
that N. oryzae was effective in controlling GPG under controlled conditions. All the 
inoculated plants exhibited the distinct chlorosis and dark brown streaks on leaf 
blades along with stunted growth, as observed in the field in northern NSW, and this 
suggests that N. oryzae is already having an impact in the field in Australia. 
 
Age affected the severity and rate of infection. The faster appearance of symptoms 
and the greater damage caused in seedlings than in potted plants is consistent with 
the trends with age in other plant-pathogen relationships (Boyette et al. 2002).  
Conidia of N. oryzae would be expected to germinate easily in the sterile water in the 
Petri dishes and the small GPG seedlings would be expected to have less ability to 
prevent fungal invasion than mature plants. 
Runoff                     Crown                  Spray3 
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The dose of 106 conidia/ml was highly effective, in that it was sufficient to produce 
symptoms in these conditions, although effective dose may vary with age, 
environment and application method (Klein and Auld 1995) and 5×105 conidia/ml was 
sufficient to cause 30% reduction in shoots and 50% in canes 21 days in A. donax 
after inoculation (Widmer et al. 2006). Improved biocontrol efficacy may be achieved 
by increasing propagule concentration (Imaizumi et al. 1997; Klein and Auld 1995) 
and the increased conidial dose may explain the greater damage observed with the 
run-off than the spray treatment in potted plants. Further research on the least 
effective dose and humidity is needed to determine when N. oryzae is likely to be 
effective, either by natural spread or as a mycoherbicide.  
 
The symptoms caused and degree of damage by this strain of N. oryzae in potted 
plants of GPG is consistent with damage caused by some strains and species of 
Nigrospora in grasses. Giant reed plants (Arundo donax) infected with N. oryzae 
exhibited yellowing of leaves, stunted growth and leaf mortality (Widmer et al. 2006). 
A. donax belongs to a sister tribe to GPG, suggesting that there may be a pathotype 
that is virulent in this group of grasses. N. oryzae also causes infection in several 
other perennial grasses, including Paragrass (Panicum barbinode) and Orchard 
grass (Dactylis glomerata) (Webster 1951) and in several dicotyledons, e.g. cotton 
lint rot (Palmateer and McLean 2003) and Winter borage (Borago officinalis) (Paul 
1982) and has been recorded on a wide range of plants in Australia (White and 
Backhouse 2007), but the damage in GPG suggests high susceptibility or a 
particularly virulent strain. This may suggest that this strain has a different specificity 
from those that attack species such as rice. 
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The degree of damage in potted plants is also consistent with that observed in the 
field in northern NSW, suggesting that conditions in the field are sufficient to produce 
equivalent to inoculation with 106 conidia/ml. A survey of disease incidence in GPG in 
a grazing management trial by Officer (2006) showed that 25-37% of plants in wet 
slope paddocks exhibited typical disease symptoms, with stunted growth associated 
with repeated isolation of N. oryzae. The proportion of GPG in the paddocks is 
declining in areas where the disease is most prevalent and there was significant 
damage in the field after winter rain across the NSW site in 2005 (David Officer, pers. 
comm.). Similarly, the large variation in the prevalence of Nigrospora ear rot in Corn 
(USA) was highly correlated with rainfall (Steven 1991). The origin of the glasshouse 
and field infections could be the same, as conidia could have been transported from 
the field site by seeds or plants collected from Grafton for other research at 
Frankston. Infection in the field was spread naturally to 100 km from the original site; 
this is consistent with the observation by Brown and Hovmoller (2002) that conidia 
can be transported long distances where the environment is conducive to disease 
establishment. 
 
Host-specificity testing is a key tool for assessing if a candidate agent for biological 
control is safe to release into a new environment (Muller-Stover and Kroschel 2005 ; 
Morin et al. 2006). To be successful in biological control, this strain of N. oryzae must 
have some degree of specificity, as there are 26 species of Sporobolus in Australia, 
of which only five are in the exotic weedy Sporobolus group, within the eleven 
species in the indicus complex (Simon and Jacobs 1999). As the remaining species 
of Sporobolus are ecologically important, any biological control agent must preferably 
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attack only the weedy Sporobolus species. In addition, the life cycle and other hosts 
of this N. oryzae strain are unknown. From the large number of grasses and other 
plants with which this species is associated, and in particular the number of strains in 
the Blast search that appeared to be endophytes, further detailed research is needed 
to understand the host range of this strain of Nigrospora oryzae, starting with other 
Sporobolus species.  Factors to consider includes market, shelf life  and production. 
Nevertheless, this strain appears distinct phylogenetically from many others and it is 
possible that it is particularly damaging specifically to the weedy Sporobolus group. 
Further research is therefore warranted on its biocontrol potential and to develop N. 
oryzae as a mycoherbicide to control GPG. 
 
 Chapter 7 
Overview 
At the start of the research reported in this thesis, flupropanate resistance had only 
just been confirmed, in only one species (serrated tussock) in only one site (Diggers 
Rest) in only one state (Victoria) and it was not known: 
• how widespread resistance was; 
• if it was heritable; 
• if there was cross-resistance with other Group J herbicides; 
• if a biological control could be found as an alternative. 
 
7.1 Major achievements of this research 
As major conclusions from the research conducted for this thesis, it is now known 
that: 
• flupropanate resistance has appeared in more than one species (serrated 
tussock and GPG), in more than one site and in two states (Victoria and 
NSW); 
• flupropanate resistance is heritable, primarily locally and maternally but also 
carried by pollen and seeds, with both resistant and sensitive serrated tussock 
capable of forming both resistant and sensitive seed; 
• there is cross-resistance in GPG between flupropanate and 2,2-DPA; and 
• the fungus Nigrospora oryzae is a promising biological control for GPG. 
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7.2 Implications of resistance 
Herbicide resistance has become a major issue in all cropping systems due to heavy 
reliance on herbicides for the control of weeds. Serrated tussock is one of the most 
serious noxious weeds in all land patterns across Australia. There are only a few 
herbicides registered for the control of this weed; these include flupropanate, 2,2-
DPA and glyphosate. Flupropanate is highly selective and more effective in action 
than the other two non-selective herbicide options. Thus, flupropanate has become 
the common preferred option for serrated tussock control for the last 20-25 years in 
Australia. With the continuous use of flupropanate and the selection pressure exerted 
by this one herbicide on plants, this has resulted in natural selection of a serrated 
tussock population in several disparate sites.  These sites are too far apart for the 
transport of pollen or seeds to be a logical explanation, suggesting that the same 
process of natural selection has occurred independently in at least some of these 
sites.   Whether or not the resistance is due to the same mechanism requires an 
investigation into the mechanisms responsible using either 14C-labelled flupropanate 
(as for 2,2-DPA, Foy, 1961a and b) or microarray technology, as attempts to find 
RAPD markers for the resistance (as in Madhou et al. 2005) were unsuccessful, with 
serrated tussock in Australia being remarkably genetically uniform in Australia (Noble 
2002; Casonato 2003). 
 
Determining the spread of resistance is necessary and important, which could 
potentially reveal whether the serrated tussock resistance to flupropanate is 
widespread in the local area and to determine where else the resistance originated. 
The results from the local resistance survey identified a resistant serrated tussock 
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population in 3.5 km and a cluster of resistant populations within 1 km from the 
original resistance site (Noble et al. 2005), suggesting that the resistance plants had 
already extended their spread around the original site. The identification of resistant 
sites close to the original resistant site suggests the possibility of flow of resistant 
genes through pollen and seeds. The property managers have to take necessary 
action by identifying and eradicating the resistant serrated tussock plants, otherwise 
the spread will become inevitable and need additional inputs for control.  A 
concentrated effort has been made by local land managers, DPI and the local council 
to eradicate serrated tussock using integrated pest management following the 
discovery of resistance, but it is difficult to predict how successful this will be once 
current drought conditions end. 
 
In any case, the national mail survey identified that nine of the property managers 
across Victoria and NSW suspected flupropanate resistance and farmers were 
spending $15-20,000/year in serrated tussock control alone, mainly on glyphosate in 
Victoria and flupropanate in NSW. Samples collected from at least one Victorian and 
NSW population have now been confirmed as flupropanate-resistant. Six property 
managers that reported for glyphosate resistance have been contacted and the 
collection of samples for testing is underway. It would be extremely detrimental for 
control of serrated tussock to have two such important chemical control weapons no 
longer effective.  The survey urged property managers to adopt integrated 
management practices in serrated tussock control; otherwise the development and 
spread of resistance becomes inevitable. 
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7.3 Implications of heritability of resistance 
Understanding the mechanism of inheritance of resistance and its mode of spread 
will reveal how it affects management strategies in future. The controlled breeding 
experiments suggested a strong involvement of a cytoplasmic component (most likely 
to be mitochondria or plastids) with a limited transmission through pollen grains. The 
pollen grains could also carry plastids, as recorded in mature pollen of Lolium 
perenne (Pacini et al. 1992) and resistance to atrazine herbicides was suggested to 
be carried through plastids (Darmency and Gasquez 1981). Hence it is possible that 
the pollen grains can also spread the resistant genes via a cytoplasmic rather than a 
nuclear component and its clarification awaits further research. The greater 
proportion of inheritance in serrated tussock through the maternal parent, coupled 
with high self-pollination in cleistogamous florets, especially in drier conditions, is 
likely to result in faster local establishment of resistant genes in the population. 
Farmers need to act immediately by identifying and destroying resistant serrated 
tussock plants using integrated control methods to reduce the risk of highly resistant 
populations developing around the initial foci in future. 
 
7.4 Implications of spread of resistance to another genus 
and species 
As the farmers were battling to combat serrated tussock resistance to flupropanate in 
Victoria and NSW, a population of GPG was also suspected of, and later confirmed 
as, flupropanate-resistant in NSW. Flupropanate, 2,2-DPA and glyphosate are again 
the only herbicides registered for the control of GPG across Australia. As resistance 
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had been confirmed to flupropanate, cross-resistance to 2,2-DPA was predicted, 
since both chemicals belong to Group J and are believed to inhibit fat synthesis. 
Support for this prediction was provided when the flupropanate-resistant GPG plants 
were confirmed as 2,2-DPA-resistant.  This research has therefore revealed, not only 
flupropanate and 2,2-DPA resistance in Sporobolus for the first time, but also the first 
example of cross-resistance (Storrie 2007) in the low-risk Group J herbicides. This 
documentation of cross-resistance suggests that heavy reliance on any herbicide 
group, even those assessed as low risk, can and does select for resistance within 20 
years. The development of resistance limits the use of flupropanate and 2,2-DPA and 
farmers with GPG infestation need to integrate both mechanical and chemical 
strategies for effective GPG management in pastures.  The documentation of 
resistance to two out of three registered herbicides leaves the property managers 
without any effective control measures for GPG.  
 
7.5 Implications of damage to GPG by Nigrospora oryzae 
Biological control for herbicide-resistant GPG is an attractive potential option, but no 
effective agent had been found on GPG. During the GPG research trials at RMIT, 
symptoms of stunted and reduced growth, yellowing and rotten tillers observed in the 
GPG plants suggested a pathogen infection. Similar symptoms were simultaneously 
reported in the field near Grafton in northern NSW (Officer 2006).  The causal agent 
of the disease was identified as a genetically distinct type of Nigrospora oryzae, an 
otherwise minor fungal pathogen that attacks rice and some other grasses, but 
specific strains of which were so damaging to Arundo donax that it was mooted as a 
biological control agent ((Widmer et al. 2006). Pathogenicity studies confirmed that 
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the fungus was effective against both seedlings and GPG plants under controlled 
conditions. A dose of 106 conidia/mL was highly effective and GPG seedlings were 
completely killed within 15-25 days, though a similar dose showed yellowing and 
stunted growth, as in the NSW field sites, but did not kill the plant.  Mature GPG 
plants may need a higher dose for an effective control and in addition the effective 
dose may also vary with age, environment and application method (Klein and Auld 
1995). The pathogen is already having an impact on field GPG plants, where a 
decline in the tussocks has been observed in the paddocks where the disease is 
prevalent (David Officer, pers. Comm.). This suggests strongly that there is potential 
to develop N. oryzae as a mycoherbicide to control this noxious weed and further 
testing is needed to optimise its use. 
 
7.6 Conclusions 
Flupropanate resistance has become a widespread issue in Victoria and NSW, with 
serious implications for farmers to prevent the increased dominance of weeds 
currently controlled mainly by it or its related herbicide, 2,2-DPA, increased costs for 
land managers, more herbicide usage and greater environmental pollution. Further 
work would involve detailed paddock surveys around resistant sites of both species 
to determine the extent of resistance and take appropriate remedial actions. It has 
also been identified that the flupropanate resistance in serrated tussock is inherited 
mainly maternally and probably through mitochondria or plastids but the resistance 
mechanism is still unknown. Further studies are needed to elucidate the role of both 
organelles in the heredity of flupropanate-resistance and to determine the resistance 
mechanism. 
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Resistance has been documented to both the Group J herbicides which are believed 
to inhibit lipid synthesis, further detailed research is needed to support this claim. 
Future research should focus on determining the transport and mode of action of 
these herbicides. This would allow the metabolism to be compared between resistant 
and sensitive biotypes of both species and possibly the resistance mechanism to be 
revealed. In addition, the inheritance of flupropanate and 2,2-DPA resistance is still 
unknown in GPG. Research has to be focussed to determine the nature of the 
inheritance, which would potentially reveal the likelihood of spread of resistance in 
near future and show if it resembles that in serrated tussock. 
 
With the control options becoming limited for GPG management, the potential of N. 
oryzae as a biocontrol agent for GPG should be explored further, starting with the 21 
non-weedy endemic species of Sporobolus in Australia. As the remaining species of 
Sporobolus are ecologically important, any biological control agent must severely 
attack only the weedy Sporobolus species. In addition, the life cycle and other hosts 
of this N. oryzae strain are unknown. Further detailed research is needed to 
understand the host range of this strain of N. oryzae and to develop it as a biological 
control agent. 
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Appendix 1 
The postal questionnaire with the covering letter. 
National Serrated Tussock Survey 
 
Serrated tussock is a Weed of National Significance (WONS) that is costing Australia more 
than $50 million dollars annually and is regarded as a serious threat to endangered native 
grasslands across south eastern Australia.  Recently, a population of serrated tussock just west 
of Melbourne has been discovered resistant to the herbicide flupropanate (Tussock, Taskforce, 
Kenock, Smack, Generex Propanate, Rambo), the main selective herbicide.   
 
This survey seeks to document the extent of serrated tussock infestations in Australia and 
determine the economic and environmental impacts of this weed. It also seeks to raise 
awareness of herbicide resistance and to determine how widespread serrated tussock 
resistance to flupropanate may be in Australia.  
 
Following the survey, workshops will be held with selected land managers to investigate their 
“best practice management solutions” to living with this weed.  Such information will help 
direct future research and aid in developing long term, sustainable, integrated weed 
management solutions for this weed.  Please use the blank sheet at the back of the survey (+ 
add more if required) to record your thoughts or management solutions for this weed.  
 
We would like to thank the Cooperative Research Centre for Australian Weed Management 
and the Commonwealth Government through funding from the Natural Heritage Trust for 
supporting this survey. 
 
Your reply is strictly confidential.  Contact details are only required if you would like to 
receive additional information about serrated tussock.  We look forward to receiving your 
replies.   
 Thank you for helping us with this important task. 
 
Could you please return this survey in the attached reply paid self addressed envelope or fax 
the reply to (03) 97852007 no later than 28 February 2005.  
 Yours sincerely 
Dr David McLaren  Sethu Raja Durai 
Program Leader Agricultural Weeds RMIT University 
Department of Primary Industries Level 223. 1. 61A 
PO Box 48 Bundoora Campus 
Frankston 3199 PO 3081  
Victoria Victoria 
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                                   NATIONAL SERRATED TUSSOCK SURVEY  
Your Name: ____________________________________________________  
Mailing Address: _______________________________________________  
Telephone: ___________  Fax: ____________ E-mail:__________________ 
Closest town: __________________________________________________ 
1. Total area of land you manage (ha): ______________________________ 
♦ Area under pasture (ha):____________________________ 
♦ Area of native vegetation (ha): ______________________ 
2. How dense and extensive is serrated tussock on the land you manage?  
A general classification of density of a weed species is indicated below. 
♦ Dense infestation - monoculture or close to monoculture - very few other native/other species present. 
♦ Medium infestation - roughly equal proportions of the target weed species to native/crop/pasture present. 
♦ Scattered or Light infestations - Native/crop/pasture species in much greater abundance than the target 
weed species. 
♦ Rare - single individuals or very few plants of a target weed species are present. 
Please specify area (ha) in the table.    
  Dense Medium Scattered Rare Absent 
Pasture land 
 
 
ha 
 
ha 
 
ha 
 
ha 
 
ha 
Native vegetation 
 
 
ha 
 
ha 
 
ha 
 
ha 
 
ha 
Other (please 
specify) 
 
 
ha 
 
ha 
 
ha 
 
ha 
 
ha 
3. How much would it cost you per year to control serrated tussock? ($/yr) 
(Time spent on serrated tussock - control, monitoring, meetings, field days etc.) 
 Materials Labour Time 
days/year 
Other 
Pasture land  
$ $ days $ 
Native vegetation 
 
$ 
 
$ 
 
days 
 
$ 
Other (please 
specify) 
 
$ 
 
$ 
 
days 
 
$ 
4. How much does serrated tussock cost you in lost production? ($/yr)  
$ / year None 
$  
 
  
195 
 
 
5. Is serrated tussock invading other land types on the land you manage?  
 
           Roadsides             Cropping            Waste land          Forestry           Urban 
 
 
           Along waterways             Utilities              Native vegetation 
 
6. Is serrated tussock invading and (significantly) replacing native vegetation on the 
land you manage?  
           Yes              No              Don't know  
 
7. Is serrated tussock threatening survival of any rare or endangered native plant or 
animal species on the land you manage?   
(Please record threatened species impacted by serrated tussock in comments 
section if known.) 
 
     Yes             No              Don't know  
 
8.  Investigations are under way to investigate biological control of serrated tussock. 
Who should pay for this research (you may select more than one)? 
 
           Government                Industry (Meat & Wool)             Land Owners  
 
9. What herbicide(s) have you used for control of serrated tussock? 
 
Herbicide Name No. times used Year first used 
   
   
   
   
   
   
 
10. Have you noticed serrated tussock on the land you manage that has not died 
after two or more applications of a serrated tussock herbicide?  
 
             Yes                No             Don’t know   
 
What herbicide was this?  ---------------------------------------------------------------- 
 
11. If yes, what do you believe was the reason for the lack of herbicide effect? 
 
           Poor application            Incorrect dosage           Resistance           Don’t know   
 
12.  Would you like to receive more information on serrated tussock?  
 
              Yes               No                
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Comments:  Please record any thoughts and ideas you may have on serrated 
tussock management or policy on the following pages.  Please include additional 
pages if required. 
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
___________________________________________________________________
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___________________________________________________________________
___________________________________________________________________
_________ 
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Appendix 2 
The appendix shows a copy of the colored Fact Sheet from CRC for Australian Weed 
Management entitled on “Understanding the mechanisms behind herbicide 
resistance” sent out with the surveys to help the land managers understand what 
herbicide resistance and how it can be prevented. 
 
